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A study has been nade of the solids produced by
radiolysis of carbon monoxide gas at room temperature
using principally 5 MeV a--particles from plutonium -240,
The solids were produced in situ within a Siemens
Elmiskop I electron microscope and were examined directly.
The morphological nature of the solid particles has been
studied and the effect of subsequent exposure of the
particles to-the atmosphere has been investigated using
transmission electron microscopy and electron diffraction
techniques, It has been established that the particles
grow in the gas phase and are of an amorphous nature,

The effect on the radiolysis of varying the gas
composition has been investigated, Metallic carbonyl
impurities in the carbon monoxide have been found to
influence the nature and conposition of the solids
produced, -Two distinct types of solid particles can be
obtaiﬁed. Initially these have a similar appearance but
they behave differently on subsequent exposure to water
vapour, Solids from carbon monoxide containing nickel
tetracarbonyl impurity are hygroscopic and the& become

fluid on absorption of watexr vapour, Electron diffraciion



and electron probo microsnalysis studies reveal the
presence of several pef cent of nickel in these solids.,
The presence of iron pentacarbonyl impurity in the
carbon monoxide yields solids which are inert towards
water vapour; these solids contain several per ceﬁt of
iron; "Higher yields of solid are obtained with the iron
penfacarbonyl impurity. When both iron and nickel
carbonyls are present in the carbon monoxide the influence
exerted by the iron carbonyl predominates and the solids
produced have all the characteristics of the material
formed when iron carbonyl alone is preseht. A possible
explanation to account for this phenomenon is proposed.
Infrared spectroscopy studies of the ag-radiolytic
solids and of the solid from complementary proton
radiolysis experiments provide evidence which suggests
that the solids axe composed of linear polymeric carvon

suboxide units, The nature of the bonding between the
\

bSSic polymer units and the iron and nickel is discussed.
The a-radiolysis of carbon monoxide in the presence

of graphite has been studied. It has been found that in

addition to the gas—phase deposi®ts which are produced there

is a so0lid which grows on the surface of the graphite,

This solid has similar characteristics to the nickel-

containing gas~phase material,
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1, The Absorpiion of Dradiatvion bhv Gases

This thesis iz concerned principally with the resulus
of studies of the effect of c-—-radiation on carbon monoxide
gas, particular reference being madé to the nature of the
solid decomposition products, Preﬁious work in fhe liter~
ature on the effect of ultraviolet light, reactor, proton,
a— and y-radiation on CO and various gaseous mixtures has
been mainly coﬁcerned wvith the gaseous products of the
reactions.,. Each of the radiations mentioned above is known
to bring about decomposition of CO into carbon dioxide and
a carbon-rich solid and various mechanisms have been pos-
tulated for the reactions.

(a) Ultraviclet Radiation

The absorption of ultraviole® radiation by a gaseous
system results in the production of electronically excited
species which may dissociate and lead 1o chemical reaction.
The energy of a photon can be chosen to be about the same

rder of magnitude as the excitation energy of atoﬁs and
molecules (a few electron volts) and each quantum of
radiation is absorbed completely by one atom or molecule,
The energy E (in eV) of a quantum of radiation is related
to the wavelength A (iﬁ X) by E = hc/N = 12,395/\ and by

xamining spectroscopic data it is often possible to select

a wavelenzgth which will produce a desired excited stote,



If the wavelengths are sulfici short, ionisation can

occur, hut in gencrel photolytic reacvions involve elec—

tronically excited species.,

(b) High Energy Radiations

vy~rays and heavy charged particles such as a-particles
and protons, and other high encrgy radiations, have in

common, the ability to produce ions in their paith through

4
v

4]

a medium and are thus termed ionising radiations, Mo
chemical effects produced by high energy radiations result
from the stopping of high velocity charged particles which
lose their energy by electfostatic interaction with the
electrons of the stopping medium.

o+t X .
), differ from each other in

Alpha-particles, (He
velocity according to their origins. When different higl
velocity a—particles are slowed down to identical velocities
then they have identical proferties in fhe same medium,

4

The energy possessed by a-particles (and other heavy charged.
particles) can greatly exceed that required to excite or
ionise atoms or molecules (~5 — 25 eV) and on passing through
a medium a range of electronically excited species and ions
is produced. The amount of energy transferred to the clec--
trons of the stopping medium on collision with an a-particle

deperds on the distance of approach and velocity of the

o

]

article. Ti nersy loss per collision is small relative
[ =19 i



to the energy of the wnariicle — unlike the abgsorption of

Photons ~ and deceleration occurs by a loarge number of
events, each involving usually a few electron volts. The
total energy required to produce an ion pair in CO (i.e. CO
- C0T4e) is 34 eV (Lind, 1961). This value exceeds the
ionisation potential of CO by'about 20 eV, The extra
energy absorbed is used in producing electronically excited
molecules and ions and some cof thié may be subsequently
lost as heat on collision with other molecules, or may lead
to dissociation of the CO molecules. The electrons pro-
duced by ion pair formation may also cause excitation and
dissociation, Collisibns between a-particles and elcctrons
of the stopping medium do not deflect the particle from its
path, which is approximately straight. In the event of a
collision with a nucleus the particle is deflected, but
these collisions are elastic - except fof'low energy
particles -~ and do not contribute to the deceleration of
the particles. | .

The rate at which energy is lost per unit distance
travelled is termed the stopping power or linear enexrgy
transfer and is given by the formula (Bethe and Ashkin,

1952):

—

2 4.
\ 417 e NZ 2mv
~dB/dx = =E—=f 1n

mv-




E, z and v are the ecnerygy, charge and velocity of the

LY.

particles; e and m are the charge and wass of an elec-—
tron; N is the number of atoms of atomic number Z per cm3
of the stopping medium and I is a value called the mean
exéitation potential of the medium and is characteristic
for cach medium, The formula does not hold for very high
velocity particles where the energy loss is greater than
predicted by the equation or for particles of very low
energy (<2¢5 MeV for a's). Prom the above formula it is

evident that the stopping power increases as the particle

velocity decreases and this is illustrated in Fig, 1 by a

. 1
Bragg curve for an a-particle from RaC .
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The area under the curve yeoresents lhe number of ion
pairs produced by a single a-pariicle from RaC' and in

. 5
this case 1s 237 x 107, The rapid fall. to zero after
the maximum is reached is a result of the decelerated par-
ticles becoming neutralised, for part of the time, b

o pJ k ’

electron capture; +the neutral particles lose energy less

rapidly than the corresponding charged narticles,
[+ o £

(¢) HMethods of Ixpressing Yield

The yield of a recaction in a gaseous system can be

expressed in terms of the number of molecules changed (M)

per ion pair formed (). The ratio M/N is known as the
ion pair yield. Another method commonly used is to relate

the number of species changing (G) with every 100 eV of
energy absorbed, Since the energy (VW) required to produce

an ion pair in a gaseous reaction is about 33 eV, then

G = 3(%). Accurately for a gaseous reaction,
: 100 M
\ =5 Xy :

1

G values usually lie between 1 and 10, unless a reaction
proceeds by a chain mechanism, when values of thousands can

be atlained.

T

2, a-Radiolysis of Hvdrocarbons

Many organic gases are decomposed by «-~radiation to

0q
[N
<
0D

liguid or sclid polyners together with gascous nroducts.
(&} o i

—
W
o]
0N
¢t

studies have been nade willi radon as the souxrce of
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nd reaction was effectved by mixing the gas

o-radiation e 5

o

W

under examinstion with radon contained in small glass

4

spheres, - By anolvsing the mixtures after reaction and
1. o v} fe )

.calculating the total number of icn pairs produced in the
. C . M ' . :
gas, the ion pair ylelds(ﬁ)_for many reactions wvere ob-
tained. The ease with which 1iqguid or solid polymers are
formed in these reactions has been found to depend_maiuly
on the degree ofiunsaturntion_df the gas (Lind, 1961).
Saturated gases such as méthane, ethane and propane,; form
polymers less readily than the corresponding unsaturated
gases, and evolve larger quantities of gaseous products
dufing radiolysis, Highly unsaturated gases, for exanple
cyanogen, C2N2, form solid pslymers'in high yield with very
little gas evolution,

The a-radiolysis of saturated hydrocarbons was first
studied by Lind and Bardwell (1924, 1925, 1926) and in-
dependently by Mund and Koch (1925). Hydrogen, methanc
and other hydrocarbons were evolved and a liquid of formula
(CnH2n)x wvas produced. ~The fraction of gaseous hydro-
carbons which reacted under similar conditions increased
with the higher members of th; geries on account of their
greater stopping power and consequently more intensc ion-

s for the lower

’,

isation, However, the jon pair yield

- . o o~ & .
hydrocarbons wvere similar with a value of <+« ¥ 2, The



4

eapirical formula of the liquid, C ‘

nJZHV infers some degree
of unsaturation and a careful exaninasion was made of the
gas phase for unsaturated compounds, but ﬁone wvas Tound
and the authors concluded that unsaturated gaseous products
nmust rapidly polymerise to liquid. It was demonstrated
(Lina 5nd Bardwell, 1926) that further irradiation of the
1iquid phase could cause transformation to the solid state.
Honig and Sheppard (1946) using a-particles and deuterons
confirmed the results of the above authors and showed
further that the liquid from butane radielysis was olefinic
in character and was possibly partly aromatic. Back and
Miller (1959) studied the a~rddiolysis éf pentane using
242 . . . . ' \
Cm a-particles and unlike Lind and Bardwell (1926}, ob-
tained high yields of hydrogen and unsaturated compounds
but no liquid or solid polymers. This discrepancy was
attributed to the lower doses and much larger volumes used
by the later workers which would require much more product
l .
to be formed before condensation to 1iquid could occur,
The decomposition of some six-membered hydrocarbons was in-
vestigated by Henri, Maxwell, Whiteianﬁ Petersen (1952).
The gaseous products, analysed by mass spectfometry, wvere
éimilar to those from lower hydrocarbons and the apfearunce

of a liquid product was again noted.

<



b)

Mund and och {(1925) subjectod

i
J

~

wcetyiene, CLIT to
o b 22?

vellow solid (cuprene)

a-radiation and obtained a powdery,
A | R e N
in high yield ( ¥ = 20f2). This value was confirmed by
Lind, Bardweil‘and Perry (1926 who found thét further
irradiation of.the soiid resulted in the evolution of
hydrogén. -~ Rosenblum (1937,1948) and'Mund and Rosenblun
(1937) claimed that ac~irradiation of acectiylene produced
both cuprene and benzene and this was confirmed by-Dorfman
and Wahl (1959). Solid polymers have been obtained from
the «-radiolysis of cyanogen, C2N2, and hydrogen cyanide,
HCN (Lind, Bardwell and Perry, 1926), and it was found that
further irradiation of the black polymer from cyanogen
caused nitrogen to be evolved,

The effect of a-radiation on a number of unsaturated
compounds was investigated by Heisig (1931, 1932a, 1932b,
1933, 1935, 1939). He found a general relationship between
the ion pair yields and the heats of formation of the hydro-

| . : )
carbons, Gases with positive heats of formation (saturated
hydrocarbons) gave low yields whereas those with negotive
hcats of formation (unsaturated gases) gavé higher yields,

hortly after wmixing the hydrocarbon with the radon, a fog

w

formed inside the reaction vessel and afler several hours
colourless liquid collected at the bottom of the vessel,

T 1

ne Toried o liquid which increased

=z
o
-
o)

Cvclobutane and cyclo



1 e
H

in viscosity and colour <
other gases studiled gave coloured ligulc
Vinyl acetylene, for cxanple, gave a high yvield of a solid
which was white when first formed and which gradua}ly
changed through a cream colour to orange,. ‘As with acetyl-
ene and other triple bonded compounds the evolution of
gaseous-prbducts was low,

The above studies show that the absorption of u-
radiation by gases containing carbon can result in the
formation of 'solid or liquid products, Further irradiation
of the primary product can obvicusly effect physical and
chemical changes in the produét.

3. The Effect of Radiation on Carhon Dioxide

The use of carbon dioxide as the heat transfer medium
in graphite—moderated reactors stimulated many studies of
the effect of high energy radiations on this gas. It has
been established that pure gaseous carbon dioxide is relat-
ively stable to radiation due to the rapid recombination
of the oxygen atoms and the carbon monoxide initially
formed (Harteck‘and Dondes, 1955, 1957; Davidge and larsh,
1955), Reaction can be promoted, however, 1f a substunce
is present with which the oxygen atoms will combine prefer-

entially, Indeed, the first study of the effect of

‘radiation on carbon dioxide, moade by Cameron and Ramsay



(1908) who used w—=particles from rodon, showed
dioxide was deconposed to give free carbon, Vourtzel
(1919) later showed tha® the formaiion of carbon was due
to the reduction of carbon dioxide by mercury impurity and

.

that carbon dioxide in the absence of a reducing agent was

stable to ionising radiation, This was later confirmed
by Lind and Bardwell (1925).  Substances capable of pro-

moting reaction include carbon, mercury, phosphorus and
hydrogen. Harteck and Dondes (1955, 1957) showed that
nitrogen dioxide also inhibited the recombination of the
oxygen atoms with the carbon monoxide. In some of their
experiments they found that heating the quartz reaction
vessel led to the producticn of carbon monoxide and this
was attributed to the decomposition of a carbon suboxide
polyrier formed during the irradiations. Feates and Sach
(1965) when investigating the vacuum ultraviolet photolysis

of carbon dioxide in the presence of graphite found a dark

\
\ .

deposit on the transmission window of their apparatus after
a long experimental run and attributed this to the second-
ary photolysis of CO formed in the systemn, Baird and
Dawson (1963) made a preliminary electron microscopic study
of the oxidation of graphite by irradiated 002 and found,
in addition to the oxidatioh of graphite, that a deposit

appeared on the gruvhite surfaces after reaction. M™is
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wvork was subsequently under.alken aud reported by Adarison

(1966) who sugcests

S8 het bhe deposits are formed from the

secondary irradiation of the CO produced during reaction.

4, The LEffect of Radiation on Carbon lMonoxide

| (a) Introduction

Cﬁrbon monoxide - unlike carbon dioxide - can be
readily decomposed by various radiations to yield carbon
dioxide and a solid product consisting chiefly of carbon
and oxygen. The effect of radiation on carbon monoxide
has received increased attention in recent years as this
process is of relevance to certain reactor systems where
carbon monoxide is present.

The chemical relationship betwveen graphite, CO2 and
'CO is important in graphite-moderated, Coz—cooled reactor
syétems wvhere the radiation induced reactions representoed
by C + COZ—ANW% 2C0 and CO-*''-= solids, occur simultaneously.
TQe thermal reaction between graphite and 002 is not ap-

preciable below 625°C (Copestake, Davidson and Tonge, 1959)

and in present day reactors is of minor importance relative

to the radiation induced reaction, It has already been
shown that pure CO2 is stable to ionising radiation, How-

ever, graphite fulfils a similar function to that of L0,

in the deconposition of CU, as denonstrated by larteck and
[

Dondes (19535, 1957) and in a rerector, deconposiiion of GUZ



is appreciable at low verperatures (Davidge and Marsh,
19553 Voodley,. 1955). Ihe €U formed by this reaction is

subsequently decomposed by redctor radiation and results
in the formationAof carbonaceous solids which are deposited
“unevenly throughout the system (Lind and Wright, 1963).

In addition there is usually a few per cent of carbon
monoxide added deliberately to the coolant (002) to sup-
press the gasification reaction, and this too leads to
deposition.‘ Literature on thé radiolysis of CO is less
extensive than that of the forward gasification reaction,
C + COé“AM&ﬁ‘ZCO, but the general features of the reaction
are well establishéd; CO is decomposed by radiation to
give 002 and carbon-rich solids of variable composition
(Lind, 1961),

(b) Formation of Solids bv a-~Radiation

Cameron and Ramsay (1908) reported their results on
the decomposition of CO using «-particles from radon;
they found that carbon, oxygen and carbon dioxide werc the
products of the irradiations. Lind and Bardwell (1925),
howvevery did not find any ffee oxygen in similar experiments,
but reported carbon dioxide, carbon and a third product
suspected of being a suboxide of carbon (C302)n' The de-
compositions werc performed in glass spheres at room tenm—

peraturce and from tine to tinme & brownis

i - - - Ty = o=y o)
ilm was obscorvoed



on the vessel wallc. This was shown to be distinet {romn
the bluish or brown colour which often occurs in glass by

the action of a-particles and the film could be strivped
FREEN

off and examined. The film was inert to most reagents
and was helieved to be a suboxide polymer. The frece

carbon collected in a loose filuflfy condition at the bottom
of the vessel and on the walls. The results indicated

an overall stoichiometry of

6C0 —» 2C0, + C + (0302) and x(0302) - (0302)X

~4C0

with :A—C-Gz

3.

The ion pair yield was reported to diminish from 185
to 12 as the reaction continued and this was attributed
to back reaction between the carbon dioxidevformed and the
solid products. Another explanation put forward to

account for the decrease was that charge transfer was

possibly occurring between the co™ and the CO2 i.e., co™
+ 002 - CO + COS; this is feasible since the ionisation

potentials of CO and 002 are respectively 14-01 eV and
13-79 eV. Cameron and Ramsay's results suggested that
the decomposition of CO occurred in the gas phase with
the carbon settling to the boittom of the vessel and the

suboxide diffusing to and polymerising at the vessel walls.,



CO decomposition initinted by w=particles fron radon
was studied by Budolph and Lind (1960a). The reaction
appeared tc occur in the‘gas phase and a Tyndall effect
vas observed on focusing a beam of light through the re-
action sphere. Solid products settled to the bottom of
the vessel and these were partially soluble in water,

The soluble portion was carcfully dehydrated and the white
crystalline solid obtained was found to be very similar

to malonic écid, CBH404' The authors concluded that the
solids consistea of partially polymerised 0302 (malonic
anhydride) and carbon.

Stewart and Bowlden (1960) in a study of the effect
on radiolysis of-addition of inert gases to CO, found very
finely divided carbon at the bottom of the reaction vessel.
This work, however, was essentially a kinetic study and
no further information about the solid was given.

' An electron microscope study of the solid from the
d-r&dioiysis of carbon nonoxide was made by Vatson, Vanpee
and Lind (1950) who showed that the solid was formed by a
gas—-phase process, This work is discussed later together
with other elecctron microscope studies of solids produced
by different radiations.

(¢) Yormation of Solids bv Gther Nodiations

Several vorkers hoave usoed resctor radiztlon o



investicate the roadiolyitic ﬁocompésition of carbon
monoxide, The complexity of the radiations involved in
these experiments, the range of temperatures employed and
the prescnce of other gases in the system have led to the
formation of solids of variable composition and properties,
Woodley (1955) decomposed carbon monoxide in sealed
quartz ampoules using pile rddiation at low temperaturcs
and obtained carbon dioxide, a powdery brown solid con-
sisting of polymerised carbon suboxides and possibly free

carbon, The mechanism proposed for the reaction was

similar to that suggested by larteck and Dondes (1955):

CO - C+ 0

C+ CO+M —» C,04+ M

020 + CO + M - 0302 + M
0302 + 0 = 020 + 002
wall
C - graphite
\ .
5 ’ wall
’ 020, 0302 ~ suboxide polymers.

: ney and Copestake using the ac i
Cor 1d Copestal 1962 g the reactor DIDO
obtained brown or black deposits from carbon monoxide and
found, in agreement with Rudolph and Lind (1960Ca), the
stoichiometry to be

360 - CO, + solids



0
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Marsh and Wright {1946.4) also used reactor radiation to

decompose carbon monoxide antdt obtained cuarbon dioxide and

.a dark brown solid, Some information about the structure
of tﬁis solid waé obtained aﬁd this is discussed later,

A very carcful study of the gamma and proton radiolysis of
éarboﬁ monoxide was made by Anderson, Best and Willeit
(1966). Their results clearly showed that the products of
the radiolyses were carbon dioxide and a dark brown solid,
(CBOZ)n’ which formed in the gas phase. The stoichiometry
derived was

4QCO - n002 + (C3O2)n
The gamma-radiolysis of liquid carbon monoxide at 77° i,

investigated by Briggs and Clay (1968), also produced

s
carbon dioxide and a brown solid, (CBO°)n' The overall
stoichiometry was shown to be identical with that proposed
by Anderson, Best and Willett (1966). Woodley (1954)

using gamma-radiation (~50° C) found the stoichiometry was
1 ’ . *
- 0O 0

5C0O Co, + C4 3

and again a brown solid was obtained.

(d) Comnosition of Solids from CO Radiolvsis

Detailed analysis of deposits from a2 number of dif-

ferent reactor systems have been carried out at the

) Ny A qym 3 - R T I | [
Reactor Materinls Laboratories, Culchet



wvere shown to beo composed o carbon, oxygen and often

of appreciable amounts of liydrogen and small amounts of
inorganic substances (Lind, 195%06). Anderson, bDest and

4

Willett (1966)Afound the empiricel composition of The
solid from proton-radiolysis and y-radiolysis waSn:cl.50
when formed at room temperature and C}~OO at BOOéC.and
tended towards pure carbon at >450°C, Increased tem-
perature reduced the yields of solid and increased the
yields of 002 but this effecf was shown to be due to the
subsequent thermal decomposition of the solid and was nrot
a genuine temperature effect. Marsh and Wright (1964)
found the reactor polymer formed at ~130°C to have an
intermediate value of 01,90 wvhich 1is consistent with the
proton results of Anderson, Best and Willett. Woodley
(1954) found the granular brown solid from high intensity
y-radiation (at~50°C) to be (0403)n; this solid decon~
éosed'thermally to give CO and 002 and eventually‘lcft a
residue of carbon, Ande;son et al (1958) found, on re-
actor surfaces, carbonaceous deposits vhich contained at
least 0«8 per cent iron and suggested that iron carbonyls
in the systen were being decomposed by the reactor
radiation, Lind and Wright (1963) listed a number of
properties of deposits formed in an experimental reacior

T

loop. These are sunm in Teble I,




Sunmmary of properiies of carvonacocus deposits produced by radiolysis

of CO/CO_ miztures in the DMIR 7i2 loop
2 &

|
C s v
Rig Crharacteristics 7" /o CO/CO2 at

210 15/5q. in. g. and mass
flow 0.15 1o COZ/}seci is irradiated atb

o, R \
350~4007C, passed through a cocoler to
0.’ . .
250°C, a 5 p filter, an impeller, and
finally over a bank of heaters before re-

turning to the in-pile section.

Paysical Properties

Appearance Deposits were dark-brown to black, fluffy

and non=—adheréent.

Electron Microscopy Spherical particles from 100 to 2000 § aia.
(typically 1000 i) joined by a continuous

outer meqbrane into long filaments which aggre=

gate into intertwined clusters up to 10 p in.dia.

Eelium Density = 145 g/me. )
Tap Density ~ 0,05 g/bm3°
' . o - .2
Speci.fic Surface Area 86~140 in“/g.
Chemical Properties ?
ot

Composition . 160~70% carbon, 2.5 to 4% hydrogen, 28 to 33%
\
‘ oxygen and up to 4% residue after combustion.

Not identified to date.

Solubility Insoluble in non-polar solvents partially soluble
in polar solventis - best to date di-methyl formamide.
Infra—~red absorption Some similarities with lavoratory preparations

of PB-propiolactone polymers. .

R o - s P
Two broad bands of no analytical significance.
Green/yellow fluorescence in solution

Iiverates CO and CO. on heating,

N U L Py e At e e v i e e



The presence of hydroson in the analysis suggests thot
the deposits had rcacted with roisture at some stage in
the interval between formation and unalysis.- Fur#her
observations made by Lind (1966) on deposits from various
reactor sources - showed that the radiolysis of CO/CO2 and
CH4/CO/002 coolant mixtures fesulted in carﬁonaceous de-
posits which often contained appreciable amounts of in-

organic substances including iron and nickel oxides.

(e) The Effect of Various Parameters on the

Radiolysis of CO.

Marsh and Wright (1964) used reactor (DIDO) radiation
to study the effects of pressure and gas composition on
the radiolysis of CO irradiated in sealed silica tubes.
The products were CO2 and a black or dark brown solid which
usually settled out in the bottom of the tube. After ex-
posure to air for a few days the solids became reddish-~
brown and had probably reacted with water vapour. The
amount of CO decomposed increased rapidly with ir;adiation
time (dose) but at high doses a levelling—off of the de-

composition was observed and was attributed to a back re-

action between CO2 and the solid products to reform COU.

A value of G(-C0)=6 was obtained up to high doses., The
R . =Mco . -
initial high 5" values found by Rudolph and Lind (196Cn)

and Lind (1961) were observed also to decrease with



accunulation of reactiion products and to account for
-1

this inhibition Rudolph and Lind suggested that a charge

transfer process was operating vhus:

+
2

O™ +C0, = CO + CO
By thisvprocess, shown by mass spectrometry to be very
efficient, the CO would becomé deactivated by irans~
ferring energy to CO, which has a lower ionisation poten-
“tial than CO. However, the same authors (1960b) found
no inhibition by xenon - which also has a lower ion-
isation potential than CO - as would be expected by the
proposed deactivation process, and the authors suggest that
compensating processes operate involving excited sitates,
Dondes, Harteck and Veyssenhoff (1964) also propose that
the principal energy transfer processes involve excited
states and that the decomposition of CO occurs mainly by
exclitation proceéses.
\ Marsh and Wright (1964) found that N, (up to 259%)
did not appear to affect %he radiolysis of CO, CO/CO2
mixtures with < 10% CO gave little evidence of deposits.
With higher CO concentrations (~16%) deposiis were clearly
visible.and wvere of variable nature, Anderson, Best and
Villett (1966) made an elegant study of the effect of
radiation on CO using 6000 y-radiation and low energy

~

protons from a Van de Graaff accelcerator, hmphasls was



placed on studying the eof

and small amounts of additives { 02 and Gﬁ)‘on the radio-
lyses., In order to avoid a significant build-up of pro-
ducts during irradiation the y-radiations were restricted
to < 0+1% conversion of CO and a specially designéd gas—~
flow system was employed in the proton work. The reaction
products of the room temperature experiments were CO2 and

a dark brown solid which was formed in the gas phase,

The yields of both of these decreased with increasing

15 18 3

dose rate over the range 6¢5 x 10 - 13 x 10 eV cm

sec_.'1 This decrcase was shown to be # true dose rate
inhibition effect and was not a consequence of the ac-
cumulation of reaction prbducts. The inhibition at high
dose rates was believed to be due to reactions involving
intermediate species such as 020 which could reform CO by

reaction with oxygen atoms thus:

C2O + 0 - 2C0

\ .
Low concentrations of 002@00‘5%) did not affect the yields

of products but initial yields were extremely sensitive to
traces of oxygen especially at the lower dosc rates, In
the presence of oxygen (a few p.p.nm.) the yield of solid

} © e x J
dropped and the amount of CO2 formed increased. Lind
‘and Bardwell (1925) showed that when CO/02 nixtures were

1
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of oxygen and no solid polvier was obtained, The -

radiolytic oxidation of CU was studicd by Clay, Johnson

a

and Varman (1963) who found an ioniec chain mechanism was

o]

in operafion and G(COz) values as high as 8000 were ob-
tained, thus implying that fhe radiolysis of CO is markedly
affected bybthe presence of small amounts of oxygen.
Anderson, Best and Willett using protons and y-rays ob-
tained values of G(C) ~6 and(}CO)2 ~2 in the absence of
oxygen. The constancy of the ratio G(C)/G(CO2)fVB found
for a range of dosc rates suggested that the stoichiometry
was best represented by

< ‘_'M,'\"_.g-_ x ."‘.,,.." . hY 2
4 n QO : nCLz T (030

2)n

The yield of G(-CO)~ 8 thus obitained from this stbiw
chiometry for the y and proton irradiations is in good
agreement with the initial values found by Rudolph and
Lind (1960&) for a~radiation in the absence of 002, G(-C0)
= 8+4 -~ 9.6, and with that of Marsh and Wright (1964) for
\ . - ’
reactor radiation (G(-Cc0) ¥ 6) to high total doses.
Assuming the above stoichiometry, values of G(=C0) ~9 are
derived from the work of Clay, Johnson and Warman (1963)
for y-radiation and from Dondes, larteck and Veyssenhoff
(1964) for w-radiation. These values indicate that the

type of radiation used does not appear to affect the

initial decomposition nrocess,
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Most of the early vork cnn the decomposition of CO
was concerned principally with the gaseous reaction pro-
ducts and detailed studies of the solids were not made.
Evidence that the solid prodﬁced as a carbon suboxido
polymer was usually derived from material balance situdies:
rather than from actual analyses of the solids. The
discovery of carbon-rich solids on rcactor surfaces has
led to more recent investigations and analytical data
have now been acquired. The results qf most investigations
indicate thdt‘CO2 and a solid suboxide of carbon afe
formed.

As early as 1873, Brbdie reported the formation of
a red-brown solid carbon suboxide from the decomposition

of CO by an electric discharge, The solid dissolved in

water to give an acidic solution, Crespi and Lunt {1925
33 g

-

obtained a solid suboxide the composition of which was

\

dependent upon the pressure of CO during dischargb. lihen
CO was passed through an ozoniser, Ott (1925) claimed ﬁhat
carbon suboxide monomer and 002 vere formed by the reaction:

4C0 -~ C,0, + CO
3 2

2

Faltings, Groth and Harteck (1938) made a study of

the photolysis of CO under the action of Xe AL295 A
J

‘radiation and found carbon dioxide and carbon suboxide



CBO°’ as products., Groth, Fassara and Romnmel (1962),

s

using similar radiation, ,lso obtained CO, and suboxide
=

and explained their formation by a reaction involving

excited CQ molecules thus:

CO + hv - (CO*

CO* + CO = 002 + C

C+ CO+ M = 020 + M

s - . Y

020 + CO 4+ M = 0302 + M

The thermal polymerisation of 0302 wvas studied by
Klemenc and Wagner (1938) who reported that the products
were dicarbonvgas, C2) and solids of composition 0304 and
0306’ but later work disagrees with these findings. The
chemistry of carbon suboxide has been reviewed by Reyerson
and Kobe (1930) and Hudswell (1961), The photolysis of
carbon suboxide gas in the presence of hydrogen was in-
vestigated by Forchioni and Willis (1968). These authors
wére primarily interested,in the various gaseous products
and the yellow-brown solid which they obtained as one of
the products was not examined in detail; the solid was

believed to be a carbon suboxide polymnmer, Schmidt,

Boehm and Hofmann (1955, 1959) thermally polymerised

carefully purified 0302 nonorier and obtained a solid
(c O,), which toolt up water irreversibly. On heating,



the solid lost CU or CO, and becane darker in colour and

Codini

richer in carbhon counibent, ihe proposed structure for

he solid - known as "red carbon”™ - is given in IMg. 2
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FIG, 2: Structure of "red carbon" suggested by

Schmidt, Boehm and Hofmann (1955, 1959).

Smith, Young, Smith and Carter (1963) and Blake,
Meles and Jennings (1964) nade detailed studies of the
thermal polymer by infrared and X-ray diffraction techli~

niques and agreed thet the basic strucvure is a polycyrclic



. - ) . - . -~ \ .
six-membered Jacutone rinvy {(Mig. 3) rvether than the comnlex

structure suzresved by Sehmidt, Beehm and Hofmann,
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FIG., 3: Structure of the thermal polymer after
Smith, Young, Smith and Carter (1963)

and Blake, Leles and Jennings (1964).

o

Unsaturated linear termina} end groups such as =C=C=0
were postulated to account for some of the infrared data.
The dark brown solid obtained by Anderson, Best and
Willett (1966) showed only a characteristic infrared ab-
sorption band at 5+6p for >C = 0 which shifted to.5°8p

on hydration and these authors concluded that the radio-
polymer does not havethe closed ring structure of the ther-
mal polymer but suggested a linear structure cross-linked
by C-C bonds. Marsh and Wright (1963) had the solids

from reactor radiation examined by infrared techniques

and established that they were structorvally different



from thermal polynzrs produced Lron 0302 mononer but hac
similar features to those which may be produced by the

pyrolysis of lactones.

6. Electron Microscopy of 8olids from CO Radiolysis

Several workers have used eléctron microscopy to in-
Vestigate the structure of the solid deposit obtainsd by
deconposing carbon monoxide both alone and in the presence
of other gases. The results of these studies are obvious-
ly influenced by the geometry of the deposition syétem
and the techniques used in preparing specimens suitable
for electron microscopy, and in all cases the specincuns
were exposed to the atmosphere prior to examination in the
electron microscope.,

The effect of irradiating various CO/COz/CH4 gas
mixtures by vacuum ultréviolet light in the presence of

graphite was studied by Adamson, Dawson, Feates and Sach

\
|

graphite specimens before and after reaction showed - in

(1966). = Hlectiron micrographs of the same areas of

.

addition to oxidation of the graphite - that deposits were
forred at localised sites on the graphite surfaces during

the period of irradiation, Electron diffraction studies

gave.no information about the structure éf the deposits

due to the strong reflections frowm the underlying erashite.
QD o O < 4

v
]

pecinens ¢id not appenr o

Iy

HFarther irradiation oif the

o

ol fect the deposits.



Clari (1960} decemposed carbon monoxide in the
presence ol graphite in a cuartz reaction vessel using a
low pressure microwave glow discharge. Brown and black
deposits were obtained together on the graphite and on
the quartz surroundings. An electron microscope study
revealed little information about these solid materiuals.,
The brown solid was thought to be a carbon suboxide
polymer, It was noted that .the growth patterns of the
black material appeared to be influenced by the quartz
surface, A ;

Two reports issued by the General Elecctric Company,
Limited, (1962, 1963) describe electron micrographs of
solid obtained from the neutron irradiation of carbon
monoxide in sealed glass or silica bulbs and from pure
carbon dioxide in the presence of graphite. Fern-like
structures about 50 microns across were observed in the

latter irradiations, together with rough spheres approx-—
) .

' .

imately O3 microns in diameter, It was reported that
some of the spheres were covered with a structure that
appeared to be the ecarly stages of the fern-like growth.
No electron difiraction patierns wvere detected. As these
sanples had been dispersed in benzene in preparation for

microscopy it is possible that the fern-lilie growth re-

Ty e e R . o~ S N - e e g o
ported was due to recryvstallisation of a scliuble conpuneat
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of the =solid end was not o Zeruine product ol the irvodios
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Watson, Venpoee ond Lind (1950) made a most detailed

electron nicroscope situdy of the solids produced by the
a-radiolysis of CU using 56 peV c-particles from radcii.
Dark brown solids were obtained, mounted dfy on specimen
gfids and examined by bright ani.dark field transmission
microscopy. Studies revealed that the solid consisted
of irregularly shaped particles with a small proportion
of-approximately hexagonal clumps present. The par-
ticles were often joined by short necks of a mabterial
which appeared to be different from the bulk matter.

This was believed to be suboxide polymer. The.particlcs
were about 0«4 - 0¢5 p in diameter and were shown by the
shadow—-casting technique to be about the same in height.
On heating in the electron beam (by increasing the beam
intensity) the particles were observed to shrink by about
ten to twenty per cent but they did not sublime com-
pletely even under prolonged inteiise bombardment, A~Tay
diffraction studies on the solid were made and a con-
siderable number of lines were observed, indicating a
crystalline nature for the solid. Some of these corres-

s

ponded with graphite and it was cencluded that graphite

was present in the solid, The extra lines were at-
tributed to the suboxide polymer for which no data are

e T e
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were not always reopredncible and sonetimes vo lines oz

all were present, De—exeninavion of deposis particlos
after exposure to the atmosphere for sixteen days showed
a Sliéhf decrease (~5 per cent) in particle size but
this waé not significant since the authors stated the
décrease to be within the order of accuracy of tﬁeir

particle size measurements,. The results of this study
showed clearly that the particles formed in the gas
phase.,

Ryan (1963) made an electron microsocpe study of his
reactor deposits (formed at 360-675°C) and those obtaincd
by Tingey fromn Y—fadiolysis (35°C). The appearance of
the particles was rather similar to those depicted in
the electron micrographs of Watson, Vanpee and Lind (1950)
for a-radiolytic deposits. The particles were approw-—
imately spherical,. rescmbled carbon blacks and were often
linked together by short necks of an amorphous material
to form chain-like networﬁs. Baird, Dawson and %ood
(1964) illustrated the chain-like features of deposits
from protoh Van de Graaff experiments and found that
varying the nature‘of the collecting substrate did nov
appear to influence the morphdlogy of the purticles.

T Aim of the Present YVork

There have been few detailed electren nicrescoepe



studies of the solids »roduced by the radiolyvsis. of
carhbon monoxide gis, liost ot the previous studices

necessitated some mechanical treatment of Lhe solids boe-
fore viewing in the microscope and in all cases the solids
which h#ve been shown to be of an hygroscopic nature, werc
exposed to the atmosphere beflore examination. The elec—
tron micrbgfaphs depicted in previous studies therefore
may not be a true representation of the morphological
nature of the solid as formed,

lThe main aim of the preéent work was to decompose
carbon monoxide in a sysvenm which would allow direct cx--
amination to be made of the solid product. It was in-
tended subsequently to in#estigate the effect of cxposing
the solid to the atmosphere and to observe structural
changes in the solid after heating. Subsequent studies
depended upon the ability to obtain reproducible resulis
and it was ihtended to investigate the effect on the
| ) .
radiolysis of varying the' gas composition. The radio-
iyses were to be performed within a commercial electron
microscope and thé relative techniques of electron
diffraction and electfon probe microanalysis were intendled
to supplément the microscopy studies in order to gain in-

formation about the crystalline nature and conposition of

the solid.



8, Blectron Lilcroszco.r

(a) Introduction

The principles and applications of electron niicroscopy
have been éxtensively revicwed (Cosslett, 1951; Hall,
1953; Heidenrich, 1964; Kay, 1965 and Hirsch, Iovie,
Nicholson, Pashley and Vhelan, 1965) and specific featurcs
of various instruments have been described, A Siemens
iBlmiskop I electron microscope was used in the present
work, Specimen magnifications from 200 to 160,000 times
are obtainable with this instrument whicth can operate at
an accelerating voltage of 40, 60, 80 or 100 XV, The

specimen can be illuminated by either a singlec or double

condenser lens system with subsequent three-stage mag-
nification by objective, intermnediate and projector

lenses (Fig. 4(a)).

(b) Resolution

- The unaided human eye 1s incapable of resolving

! .

Points closer together than about 0¢1 to 0+2 rm. In
optical and electron microscopy bthe theoretical resolution
(d) is dependent mainly upon the wavelength (A) of the
medium used to form the imoge and the half aperture angle
(¢) of the cone of light leaving the specimen and enter.

,

. . . . . e . L.
ing the objective lens and is given by the Abbe equniion

T "

as d = w7 thus the rvesolution will immrove when A



is small and ¢ 1s large. The wavelensgith of a moving

stream of electrons 1is several orders of nognitude

shorter than thet of visible light and may be calculated

. . 12.3 - ]
from the de Broglie equation, A = —5= where V is the

A Vz '
accelerating voltage. The Siemens Elmiskep I will

therefore provide values of A from 0-062 K to 0-.C39
he actual resolution which can be achieved, however, is
(o] . .
about 8 A for the Elmiskop I and this is limited mainly
by the inhercnt spherical aberration of the objéctivo
lens where refraction effects occur; the Turther the
distance from the optical axis of the lens then the worsc
is the aberration effect.  The Abbe equetion favours a
high value of « for high resolution, i.e. a cone of il-

Esl

lumination containing a large amount of "information"
about the specimen, but the optimum value is a conpronise
between this and that which minimises spherical aberration
by diminishing the cone of illumination frem the specinecii.
‘ .
Objective apertures of about 50p diameter are usually in-
serted to give optimum resolution,

Astigmatism of the whole system and in particular of
the objectvive lens is a factor which causes deterioration
in the vesolution as it leads to a deformatbtion of the
focusing field from rotat;or 1 syrimetry., In the Mlmishkoun

I use is nade of o stigmotor control, at the obiecctive
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lens, which provides an elliptical correctiing

&

&

Astignatism arises fromn nenufacturing defects and in-
homogeneities'in the soft iron pole-piece syvstens and
from dirt which becomes electrically charged on objective
apertures and other parts of the microscope interior,

A numﬁer of other factors, e.g. chromatic aberration,
influence the ultimate resolution obtainable but most of
these have been overcome by modern instrument design and
specimen preparation techniques.,

The single condenser illuminating systen (Fig. 5)
gives an illuminated specimen area of about 50p. By
using the doubie condenser system - also illustrated in
Fig, 5 - a demagnified image of the electron source is
obtained and this is projected by the second condenser
lens on to the specimen to give an illuminated areca of
about 2p minimum thus confining the heating effect of
Fhe electron beam to a smaller area. This systop also
ﬁroduces a nore coherent Seam of electrons and reduces

he scattering angle of the electrons leoving the specimen
so that for high resolution wvork, where‘increased bright-
ness is requirecd at high magnifications, the double con-
denser system 1is favoured.

(c) Specimen contrast

The contra in an electron microscope irage ariscs



from the differential scotitering of eleciorons in the

objecto‘ A dense region of the object will scoatter nore
electrons out of the beam than a less dense region and
will appear darker in the final image viewing screer,
The contrast can be improved by reducing the size of the
objective aperture or by operating the microscope at a

lower accelerating voltage thus causing more interaction

between the beam and the object which consequently in-
creases the electron scatter. The change in the wave-

length of the electron beam caused by altering the
voltage does not significantly affect the resolution and
for most applicaﬁions the choice of voltagé depends on
the contrast required and the thickness of the specinmen
under examination.

(d) Rlectron Diffraction

The Siemens Llmiskop I can be used to obtain
electron diffraction patterns from crystalline objects.
The technique used in the‘present work was that of
sclected ‘arca diffraction which allows an observed
diffraction pattern to be correlated to a small defined

area of the specimen, Tthe diffracted beans which eumerge

from a crystalline specimen at angles characteristic of

the specimen are focused on to the back focal planc of
the objectvive lens (Fig. 4 (b)) teogether with ihe



undeviated bean and are subsecequently maznificd to form

the final image., The various lattice spacings (d) of

r

i . . AN 3 ¥r
the specimen can be determined by 4 = T» Where K is a

? is the radius of re-

fa—

constant for the instrument and
flection in the observed pattern, It is necessary to
determine K for each puttern'(Hirsch, Howie, Nicholson,
Pashley and Whelan, 1965) and this is achieved by maliing
measurements of diffraction patterns of =a subétanco of
known d-spacings. The accuracy of this technigue is of

. .

the order of 1 per cent and this is usually good enou;h

to allow identification of an unknown crystal,

9. Electron Probe HMicroanalvsis

This technique is used to an#lyse very snall specimens
or specific areas (O-l.— 3:07pin diameter) of a speciiien,
and was used in the present work to supplement the
microscopy. Birks (1963) has discussed various in-
strumental features and techniques in X-ray nmicroanalysis
and a number of papers on X;ray optics and detectbors have
been compiled by the Anerican Society for Testing and
Materials (1964). X-rays are generated by bombarding

the specinen with a probe of electrons, the wavelengiths

of the emitted X-ravs being characteristic Tor cach
specific elenent (Moseley, 1913), The X-ravs are then

passed Into a4 SHOCEroONe Ler consizoin
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crysbal and a detectior, the crystal sevarotes the

chovacteristic wavelengths (M) according to the Bragy

law, nA = 2dSin#, where n is the order of reflection,
d is the crystal lattice spacing and A is the Brayg
angle of diffraction, so that by changing the value of 4

1

a particular wavelength can be sclected, The diffracted

4.

X=rays arc then directed into a detector which converbs
A-ray quanta to voliage pulsés.and measurcs the intensity
of the A-rays thus allowing an estimate to be made of the
concentration of an element within a very snall arca,
The range of elements which a spectromeber can detect
depends on the type of detector used and the operative

-

d-spacing of the analysing crvstal, Most instruments

incorporate a range of crystals with different d-spacings

allowing the detection of elements from atomic number 11—
94. Blements of lower atomic number emit low energy

L-rays of long wavelength and special techniques are ve-

quired for their detection; these include the use of

.

analvsing crysials with large d-spacings, c.z., lead

g g
stearate and a method of preventing contanination build-
up on the specimen surface which would otherwise absorb

the low enecrgy X-rays.
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FIG, 4. Ray Diagrams for (a) Transmission

Microscopy and (b) Selected Area Diffraction.
(From Hirsch, llowie, Nicholson, Pashley and
Whelan, 1965).
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1. G-Sources

4 Yyt

The a—~sources used in this work were nade ot A0, 5,
Harwell and utilised the a~radiation from plutonium-240,
The long half-life of this isotope {(~6,600 years) means
that the source strength'remains effectively constant

hroughout the course of this work, Four sources of
about 10 millicuries were manufactured within a three-yeor

A

period and for convenience arec designated A, B, C and D,
Ay B and‘C vere designed for use in a Siemens llmiskop I
electron microscope and D for use in the Philips EM 100 B,
Source D was found to be technically difficult to handle
without the risk of_bocoming readily unsealced and was
scrapped., The Siemens pfototype A, was not used extensive-
ly and was subsequently replaced by B and C with which most
of the results were obtained.

The thiree Siemens—type sources were of similar design
and consisted of a phosphor bronze ring of 60 mm internal
hiameter coated on the interior surface with plutoniun/

355 aluminium alloy sealed in by Araldite to prevent
radio~active contamination, The thickness of the Araldite
coating varied from source to source as did the amount of
alloy used, which vas about 200 mng. The literature on

the a~r@diolysis of organic gases showed that secondary

n

irradiation of the primary products often effected chan;




in the properties of the solids, thus the present sources,

designed to fit inside the o

blectv cariridge of the Siemons
Elmiskop I, were so arranged that the gas phase was ir-
radiated and any solid material which settled out on to
the specimen grid was shielded from further irradiestion,
Fig, 6 shows the incorporation of the a-source into the
cartridge.

Sources A and B were not fixed permanently into the
object cartridge and had to be manipulated carefully into
position before each experiment. Source C, however, wvos
sealed to the walls of the cartridge by Araldite so thatl
the source plus cartridge vas essentially a single unit

which could be handled more easily.

2. Safety Precautions

In dry air at room temperature the oxidaiion of
plutonium is slow, but when moisture is present the attack
is relatively rapid. The oxidation product is usually

the dioxide Yu0, which forms as small loose parvicles on

2
the metal surfaces; these tend to break off and spread
out from the parent body of material thus contuninating
the surroundings vith extremely hazardous pluvonium, It
is therefore imperative to minimise the oxidotion and
spread of the corrosion pfoducts. By alloying ithe

1

plutonivn with aluminiun, stabilisation of the deltn-pl:
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FIG. 6. CROSS SECTION OF THE ELECTRON MICROSCOPE

OBJECT CARTRIDGE SHOWING THE INCORPORATION
OF THE a-SOURCE ABOVE THE SPECIMEN GRID.
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of plutonium occurs (Taber and Wright, 1961) and con-
siderable corrosion resisiance is conferred +o the
plutonium,

Strict handling and monitoring routines wvere nain-
tained throughout the course of the work, A laboratory
coat, gloves and overshoes were worn and the «-source
and surroundings were monitored bhefore and aflter each
experiment, The acceptable level of conbamination on

. -5 2 L s s a1 .

the skin is 10 “pc/cem” for a-—radiation (llolliday, 19G63).
The monitor used for checking was a Type 1320 probe
manufactured by lLricsson Telephones Limited. The area

s ‘ . pe s =5 2
of this probe and its efficiency are such that 107~ nuc/en
corresponds to a reading of three counts per second.
If this reading was exceeded decontamination of the sur-

o
face became necessary. The first u-source in reguler
use (B) was detected to be unsealed after about two years
and decontamination of the microscope was necessary.
To reduce the risk of a further leak, source C was used
for one year only,. In addition, this source had two
0+015" thick rings inserted, one above and one below the
o 3
bronze cylinder, to provide ledges which would tend to
J ’ 1 ] .

collect corresion preducts should a «leak occur,

3. Procedure Tor Deposition in Situ

The specinen holder with o suitable grid was inscriod



into the object carbridoe ond the nicroscoss was
< X i 5. D e P ; I M
evacuadved to 3~ i 10 torr as for pormel usc, The

electron beam was then switched on momentarily to check
and dry the substrate. A modification of the air inlct
vent on the specimen chamber allowed gas to be trons-—
ferred from a vacuum linevin£o the whole microscope

column. The colunn was flushed out with ges, the vihole
syslem re-evacuated and them filled to a predetermined
pressure not greater than atmospheric.  Experiments

were usually conducted at pressures between 0.2 and onc
atmosphere, Beyond one atmosphere, losses occur throu;h
the various vacuum gaskets of the electron microscope
which bhecorne ineffective seals, The radiolysis was then
allowved to proceced for a set time, normally betwecen 17

and 67.hours, after which the system was corefully pumped
out and the specimen grid examined for deposition producis,
Since the specimen occupied the normal position for view-
ing (Pig. 7), the deposits could be examined dire;tly,
withqut exposure to the atmosphere, Due to the geonmetiry
of the system the deposits were not irradiated once thoy
had settled on to the substraie.

4, Ixperiments Using Cylinder COU,

The vacuum linc euployed to supply gas to the micio-

scone is shovn in Pig, 8, The furnace, used in a
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purification proccss, consisted of a silica tube wound
with Nichrome vire and asbestos paper impregnated with
sodium silicate to act as a scalant, Calibration of
the furnace Variac was achieved by means of a platinum/
rhodiun thermocouple and 2 temperature indicator
(Standard Portable Indicator manufactured by Cambridge
Instrunent Company Limited). The flow of gas to the
microscope was controlled by the needle valve (0S Series,
ldwards High Vacuum Limited), 20 minutes being about the
average time allowed for the gas to leak in. The volune
of gas required to fill the microscope column and adjacent
voids was found experimentally (by a water suck-back tech-
nique) to be 10-2 litres.

Iﬁ somne experiments the CO was purified of oxygen by

.

passing it over copper turnings at 450°C held in a Pyrex

zlass tube packed at each end with glass beads lo prevent

loss of small copper particles during operation (¥Fig. 9).
\

\ T

Glass wool was used initially as packing but microscopic
glass wool fibres were found to have been blown through
the system on to the specimen grid and its use wa

discontinued,

f

Deliberate addition of impurity to the CO was often

made, either from a cylinder of gas ccnnected to the

oS
line or from a flask at A, Pig. 8, The additives were,
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oxygen, methane, irvon poentbscorbonyl, nickel tetvecarbonsd
or water wvapour,

5. Iixperimentis Usine Specirosconically Pure CO

Spectroscopically pure CO supplied in 2% litre gloszs
flasks (British Oxygen Company Limited) at one atmosphere
pressure, was uscd in the first set of experiments., The
flasks wére connected either singly or three in parallel
to the microscope colunn (Fig. 10). After evacuation,
the seals were broken by the usual method using a plunger
and magnet,

6. Materials
(a) Gases
Three 2% litre flasks of CO (B.0.C. Limited) gave o

gas pressure of 0¢4 atm, within the total volume of the

system. A single flaslt gave a pressure of only 0.2 atn,.

The results from these experiments indicated that a higher

gas pressure was desirable and much of the work was sub-

;equently done using I,C.I. cylinder CO. This w;s quoted

as better than 99% pure with nitrogen, oxygen and carben

dioxide as the other major constituentis. Parts per
million of hydrocarbons (rnainly methane) were also quotled
as constituents.,

Two aluminiun cylindérs of CO (at=~700 p.s.i.) Tron

O

AJE R, B, , Harwell, were also utilised, This gas had boon
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purified by passing it throuzh a bed of finely divided
reduced copper oxide at 120%C to roimove oxygen, theu
through magnesium perchlorate to dry it. ' Analyvsis
figures for the pnrticular cylinders used were not avail-
able but the gas was representative of that used at
Harwell which usually contaiﬁod about 50 vpm oxygen and
3,6001vpm nitrogen as the main impurities.

Cylinder oxygen (B.0.C. Limited), methane (Matheson
Co. Inc.) and helium (B,0,C. Limited) were used without
further purification, Liquid iron pentacarbonyl and
nickel tetracarbonyl (a-Inorganics Inc,) were also used
as supplied.

(b) Substrates

Carbon films were prepared in a manner similar to
that described by Bradley (1954), by evaporating carbon
_ _
— ) - .
under a vacuum of about 10 torr on to cleaved mica,
floating the film off on to water and picking it up with
copper grids or platinum-iridium mounts. Carbon films of
) [¢]
100-200 A thick were used.

[¢]
Silicon monoxide substrates of about 200 A thick

were made after Bradley's (1954) technique, by evaporating
a mixture of silicon and silicon dioxide (Barcote ), man--
ufactured by Britvish American Research Linited) Trom a

molybdenum boat on to Formvar — filmed platinum—-iridiunm



()
e
{

mounts, By heating the mouﬁts to dull red heat, clean,
Formvar-free mounts were obtained,

(c) Gruphites

Three types of graphite were irradiated by c-particles
in the presence of CO, These were (a), a polycrystal-
line synthetic graphite (P.G.A.) of the type used in
British nuclear reactors, (b), a highly purified natural
graphite (SPI) and (c), pile grade A (P,G.A.) graphite
which had been previously neutron—irradidted (4 x lOzOn/
cm2) in DIDO at A.E,R.,E, Harwell, The impurity contents
of the P,G.A., and SPI graphites are shown in the table
overleaf (Labaton 196%),

Graphite specimens were prepared by placing a small
quantity of the powdered graphite in distilled water in a
test tube and subjecting the samfle to ultrasonics (80 X

cycles/sec) for about one minute. In this way a suspen-—

sion of .thin flakes suitable for microscopy was obtained,

)
[y

A drop of the suspension was then allowed to dry down in
a cool oven (~30°C) on to the reqﬁired substrate,

7. Post~vreatment of Specimens

In many experiments it was desirable to relocate
specific areas of the specimen after further treatment had
been effected, The platinum specimen mounts wvere Found

to be-useful in this cepacity as they could be nmarkeld with



Typical Analysis for Impurity (p.p.m.)

Ash
Aluminium
Barium
Beryllium
Bismuth
Boron
Calcium
Chromium
Cobalt
Copper
Hydrogen
Indium
Iron

Lead
Lithium
Magnesium
Manganese
Nickel
Pﬁosphoroqs
Silicon
Sodium
Tungsten
Vanadium
Zinc
Others

SP1

Maximum

-015
2015
-015
- 06
°02
015 .
2015
-015
<04

04

.05

° 025
+005 .
<025
*015
+ 025

e15 °
°1
«038

«02

+08
<045

P,G., A, Range
«005 - 025
e25 25
3 - 15
«02 — 203
<06 = °15.
«03 -~ <16
7 - 60
el = o7
s01 - <03
0L = 5
15 - 40
«04 - 08
2 - 16
«04 ~ 245
«04 - »15
«03 - 1¢5
«01 - +06
+03 -~ 8
el — o2
15 - 60
1 -2
<08 - 2
«4 — 30
08 = 2
- 1264

o1



a fine needle and oriended in a o]ﬂﬂ {(also marked) so

that visual comparison of a specific area was Dossible
before and after reaction,

(a) Shadowing

By using this technique it is p0551b1e to Daln in-
formation ahout the morphology of a material. A shadow
can be produced by evaporating a suitable clectron~dense
metal or alloy from a source on to the required materiel
tilted at a known angle to the source. Shadows will
then appear as areas of greater intens;ty than the sur-
roundings and by studying the shape and size of the
shadow produced useful information is often revealed,

In these experiments specimens were shadowed in an

Edwards Coating Unit (Type 12 16) using nickel/palladiun

Cu
D
1
:

alloy (70/30) or platinum/carbon (40/60) when Tiner

tail was required, The thickness of the shadowing film
(o]

was about 100 A,

\ .
: (b) Vacuum Heating °

Deposits obtained from the radiolysis of CO were

-5

heated in a wvacuum of 10 torr for 15 minutes at 500°C

-

in order to obhserve any gasification reaction, Heating

(6]

was effected externally in an Bdwards Coating Unit (tyve

12 ¥6) or, alternatively, in the microscope itsell by

D

using a Siemens Object Heating Device which could be



£ J,}

fitbed in place of tho voroal object cartridoce, 1y
using the latter technicue it was pOSSiblO to obscrve io-
action progressing as the termerature ves raised from
to about 1000°C. The device was designed to operate with
batteries but a 15 A/ 16 V stabiliser fitted between the
mains and the power control ﬁnit was found to be more

satisfactory.

.(c) Oxidation of Deposits

Deposits were heated in a stream of oxygen in a
1,800°C Pyrocore Furnace (Metals Research Limited).
This is a molybdenum-wound, water-cooled furnace in

which a flow of hydrogen protects the windings. The

()

specimen mounts were placed in a long handled silica

boat and inserted into a silica U-tube within the fur-
nace work zone. The tempgrature vas registercd by

means of a tungsten/rhenium thermocouple and an indi-
cator (Foster Instrument Company Limited). When the

.

mounts were re-examined in the electron microscopc they
showed very little contamingstion after oxidation in this
‘apparatus,

A muffle furnace sinmilar to the one describbd
earlier also gave clean oxidations and was nmore con-

venient to use. As above, the mounts were placed in a

silica boat and inscrted into a long silica tube placed



urnonce, ALl sidica components were cleancd

4]

and fired before use in order to reduce contamningtion oif

the mounts,

8. Deposition within the Irradiation Zone of the a-Souice

In order to study the effect of radiolysingiCU in
the presence of graphite a ﬁumber of experirients wvere
conducted in which the specimen substrates were placed
into the irradiation zone of the a-source. The intenm
tion was to observe any change in the deposit particle
‘size and to note if growth occurred on the graphite sur-
Taces. Carbon films, and carbon films with graphite
deposited on them were irradiated in €O within the active
zone,

The specimens were held by a small, tapered brass
tube fitted into the back of a normal specimen holdex
(Frig. 11). It was necessary in these experiments to
move the specimen from the centre of the source back 1o
the normal position before viewing, thus exposiné the
specimen fo the atmosphere for a short period (about two
minutes).

9. Decoration

When certain metals are evaporated on to heated swir-

faces and then examined in the electron microscope it is

often obscrved that the metal particles arc arranged on
g <>



FIGURE 11




A - = —indicates limit of irradiation-
1\ zone

« - Source —

Specimen Specimen Iin centre ot source

cap

////ﬂ

Brass extension tube

Object
cartridge

Specimen
holder

Normal position of specimen

cm

FIG. Il. ILLUSTRATES THE POSITION OF SPECIMENS

IN EXPERIMENTS WITHIN THE IRRADIATION ZONE
OF THE SOURCE.




—

the specimen surface and are not distributed conplovely
“at random. Ihe specimen 1s said to be "decorated' by
the metal which is located at specific sites on the sur-
faces, The decoration technique was developed by Bassett
(1958, 1960) and Bassett, Menter and Pashley (1959) who
| studied the decoration of rock-sal® by silver and gold.
Hennig (1964, 1965, 1966) applied the technique to
graphite to reveal surface irregularities such as steps,
dislocations and other defects.
In the present work a decoratioﬁ effect was observed
on the graphite specimens which were irradiated within
the active zone of the a-source in an atmosphere of CO,
A comparison was made between the radiatioﬁ decorated
graphites and similar graphites decorated with silver in
the following manner, Samples of SPl, P.G.A. and neutron

o)
irradiated graphite (4 x 1020n/cm“) were prepared on

silicon monoxide - coated platinum mounts as described
\

H »
\

earlier and placed on a flat surface filed on a carbon
rod connected between electrodes in the Edwards coating
unit, The mounts were located around a hole in the

centre of the rod into which a thermocouple was placed.

4

The specimens were heated under vacuum (- 10 torr) to

300--350°C and then about 0:004 g of silver wes evaporated

from a2 hot tungsten wire held at 10 cm from the specimens,



From the forvnmula 4 = -—--=— (lav 1965) wvhere p = metal
density, m the weight oi metnl and r the specinen to source
distance, it was calculated thatl this would give a film

: o :
thickness (t) of about 35 A, After evaporstion the
temperature was maintained for onc minute to allow
decoration to occur. Prior to decoration the tungsten
wire wes cleancd being hcated to white heat, and the
carbon rod was degassed for one half hour at 500°C.

10, External Deposition

During the course of this work it became apparent
that metallic carbonyls were playing an important role in
the radiolysis of CO and it was decided to produce de-
posits in a system free from iron and nickel surfaces.
The essentially all»glass.vacuum system emploved for this
purpose is shown schematically in Fig. 12,

The most successful reaction vesscl was one of de~
sign shown in Fig. 13.  The metallic components were
either of brass (cartridge and holder), phosphor gronze
(source) or copper (glass — metal seal). Iron and
‘nickel are possibly present in small amounts as alloying
constituents or impurities. The Kovar seal was threaded
to take the «-source unit, thus allowing the reaciion

vessel to be assembled easily.

Other vessels desicned with much larger voids
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adjacent to the ¢-source feiled to produce wisible

deposits which were probably swept away by convection

(@]
jool
=
=
o
Py
o
o]
o

;0 other parts of the system,
The system was evacuated to a pressure of about

-3 ~4 : ) . , .
10 - 10 torr by means of a rotary pump and an air-
cooled diffusion pump (not shown in the diagran) mounted
on a mobile trolley. The system was flushed out with
CO prior to filling and the required gas or gas mixture
wvas radiolysed in the rcaction vessel,

11, Proton Van de Graaff ULxperiments

The knowledge gained from the g-radiolytic work en-
abled a set of experiments to be designed in an atteunt
to reveal, by infrared avalysis, the various functional
groups in deposits formed by radiolysing CO both in the
presence and in the absence of metallic carbonyl impurity,
The high dose rates available with the proton Van de Graa

accelerator at Harwell, allowed sufficient deposit to be
\

\
\ s

collected for the infrared work, The cell used for ir-
radiation purposes is shown in Fig, 14, The cell was
evacuated, then filled to a pressure of 40 cm g with

led

the required gas, and was subjected to a 173 IleV proton
beam for two hours at a beanm curvent of 02 pA. e
total energy absorbed by the CUO (~ 34+5 ml at . 7.7.)

22

was aboub 1425 x 10 eV toalkine into cccouns the encryy
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loss in the mica window {Sest, 1968), The .solid wvhich
settled around the cell wolls was scraped into a glass

tube for subsequent examination,

12, BLlectron Microscopy

. The Siemens Elmiskop I was operated at an acceleratiinyg
voltage of 30 kV, The rate of contamination of the
specimens was found always to be greater with the double

e B

condenser illuminating system (1=3 A sec ) than with the

0 =1
single condenser system (~ 0.1 A sec ). This finding,
together with the observed nature of the deposited materi:nl
from the radiolyses favoured using the single condenser
systen. Inages were recorded on plates at magnificabtions
ranging from 6,000 to 80,000 times.

13, Microanalvtical Techniques

Three techniques, electron diffraction, electron
probe microanalysis and infrared spectroscopy, were used
\for the qualitative analysis of deposited material from

the CO radiolyses.,

(a) Blectron Diffraction

By using the selected arca diffraction technique de-

&)

o

scribed in the introduction it was possible to study th

diffraction choracteristics of single particles or clusters

o
5 cted

: . P : 2
of particles since areas of about 045 3 could he sel:

o

-© Voot - : . £ - ST A FET I B B
ior study, Informetion wos thus obtained about the unaturs



in particular cases identviiication

of the parlicles and
of constituent elements was achieved,

Diffraction studies werce made using an accclerating
voltage of 80 kV or 100 kV and from the known d-spacings
of an evaporated thallous chloride standard, the camera
éonstant and d-values for the specimen under study werec
calculated,

(b) Electron Probe Microanalysis

This method of analysis can detect concentrations
of about 0-1 per cent of most elements in a selcctled one
square micron area of a specimen (Birks, 1960) and was
employed in the present work in an effort to
knowledge about the composition of the deposits from Cu
radiolyses., Two types of microprobe were used,.

(i) Siemens X-ray Snectrometer Attachment

"1

ot

The attachment is shown schematically in Fig.l

A special specimen cartridge is used which necessitates
‘operation of the microscope at an increased objective

lens focal length of 7 mm (normal operation~2 mm) and

results in a deterioration of the resolution to about

0 ¢ '
100 A, This valuc of ~100 & was, however, more than
sufficient for viewing individual deposit particles and

clusters, and arcas were selected and their X-ray enissicon
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‘spoctrum recorded on chart paper, The electrons which
were transmitted through the specimen formed the normal
bright field image which could be photozsraphed as usual,
The instrument is capable of detecting elements down tb

atomic number 12,

(ii) G.J':.C. - l“\o}&‘aI. S.Ecl’l. 2

The resolving power.of this instrument is about
o}

one micron (10,000 A) which is not good enough to observe
single particles or small clusters of deposit. The
specimenstwere therefore examined by scanning "blind"
over their surface until an emission was detected at a
pre~set angle for a particular elenment, It is possible
with this instrument to scan the electron beam probe over
an area of about 250 square microns. Electron pictures
can be obtained by amplifying the current induced in the
specimen by the capture of electrons from the eclectron
beamn, The different currents frown different elements
in a specimen of mixed composition are used to modulate
the brightness of a cathode ray tube and the resulting
inage can be recorded on film. Alternatively, the probe
can be scanned across the specinen. and thg resulting X-roy
emissions corresponding to a particular element can be
shown on the cathode ray tube and recorded on film, It

1s also possible 4o scan linearly through a particular



arca ol the specinern, the Z-ruy oubput being centinuocusly

&
recorded on a chart., A high concentration of +the par-—
ticular eclement chosen for exanination vill result in a
peak in the recorded trace through that'area.

The specimens were mounted on " brass cubes using
Durofix cement and vere then'streaked with silver paint
(ﬁegussa, g Leitsilber) or wefe coated with a conducting
material (carbon or aluminium) to prevent charging up in
the electron beam.

A special feature of this instrument is the ability
to detect elements of low atomic number and this was
utilised in the detection of carbon in deposits.

(¢) Infrared Analysis

(i) Solids from Van de Graalf Experiments

These solids were mixed with potassium bromide
and compressed into micro-discs {3 mm diameter) and were
examined in a Perkin HElmer 257 Grating Infrared Spectro-

.

photometer.

(ii) Solids Ffrom a—radiolvsis of CO
Over a period of 30 days sufficient deposit was
1 7

1,40

-4 .
J
]

collected to allow an infrared specirum to be run.
shows the apparatus used to collect deposit.
Impure CO (I.C.I.) at approximately atmospheric pres-—

sure was passed throush the a—source (B) and then bubblied
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into carbon tetrachloride at an arbitrary rate of wbout
one bubble cvery 30U seconds, Lhe intention was 1o suspend

particles in CC€4 and to use the suspension for the infra-
red determination. However, a solid product ( ~2 mg)
collected in the capillary tube just above the level of
the CCE%, This was removed and ground with IBr and com-
pressed into a micro-disc (slot type, 10 x 2 nm) and ex-—
anined in a Unicam 3P 100 prism grating spectrophotometer.
14, Dosimetry

Measurcment of the dosc rate to gas from source B
wvas made by estimating the rate of production oi nitrogen

from irradiated nitrous oxide, The a=-source was mounted

in a tightly fitting glasé vessel (Fig. 17) so designed

that no grease or wax was directly irradiated. The vol-
ume of gas irradiated was about 025 ml, Triply dis-

tilled nitrous oxide was admitted to the cell and lelt

to he irradiated for a given time. The resulting cos
\

was then removed and the nitrogen content estinested by
gas chromatography (molecular sieve column, Linde 54,
120°C) in a non-commercial chromatograph employing a ther-

mal conductivitbty detector,
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1, Bosimetry
Nitrous oxide was irradinted by c-particles iron

source B for a duration of 72 hours in one experiment and

93 hours in another, at ambient temperature and a pressure

of 67 cm Hg.  This led to a dose rate of 16 x 1010 oy g"1
sec—l in each case, which corresponds to 5 x lOJ'2 eV sec

to carbon monoxide at onc atmosphere pressure within the

volume {025 ml) of the source, It is assumed that the
absorption of 100 eV by nitrous oxide leads. to the pro-
duction of 113 molecules of nitrogen,'i.e. GNq = 11-3
(Flory, 1963). )

In the prescnt experiments then, an irradiation time
of one hour is equivalent to a dose of 27 x 10'_3 eV/

molecule of CO with source B.

2. Kature of Deposits from CO o-Padiolysis

The first sct of experiments was désigned to find the
irradiation time necessary to produce a visible deposit at
a pressure of 02 atmospheres; mno deposit was observed
after 90 hours irradiation. This negative result, when
considered with later positive results from 17 houfs ir-

radiation at atmospheric pressure, was useful in establishing
that the deposit was in fact preduced by irradiatien of CO

and did not arise from the source itself or from the action

of c-particles on residual pump vapours and greases,



perinents 1--5, specirozcoplcnlly pure CU was used and depos-
its were obtainced at tlie higher pressurc of 0¢4 ntmospheres
.after 160 hours and 90 hours. In the remaining experinents
cylinder CO was used at a pressure of one atmosphere thus al-
lowing deposition times to be shértened to about 17 hours.
The physical appearance of the deposit particles on

examination before exposure to the atmosphere was similar

in all experiments irrespective of the grade of (€U used,

the irradiation time or gas pressure during radiolysis,
Pl#tes 1-3 show typical areas from expefiments 5, 4 (Table
I1I) and 24 (Table III) respectively. All particles are
irregular in oubtline, have a 1Qose open appearancce and

seem to be composed of smaller irregular sub-units. Plate
4, at a higher magnification, reveals the finer detail in
the particles. In general, a fairly even distribution

of single particles, aggregates and short chains of par-
ticles were observed over the entire area of the substiate
(carbon film). In experiments of short duration, mainly
~single particles were observed, but with increase in ir—

-

radiation time the number of chains appeared to increase
and this was probably due to collision between particles

already on the substrate and those settling out from

the gas phase. The chains did not always lie [lait on
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the substirate and werc ofven observed 1o wave about in the
field of view, especially when the intensity of the eleciron

beam was altered.
TABLE TX

Details of Experiments 1-20

2 ; Time of
Pressure| Irradi- Particle
Ixpt. - of Gas |ation Density Particle
Gas| No. | source| (atm) (hr) cm™ - size (])
- 1 A 0«2 4 - -
O j :
o 2 nool0e2 23 - -
S
~ 3 n ! ’ 0.2 90 - -
! ;
o 4 n 0e4 160 3 x 10° | 2,400 = 450
P !
2N B | 0-4 90 {0+6 x 10° | 2,200 T 500
7 N4 1.0 17 1.5 x 10° 2,800 % 500
8 " " 17 1.7 x 10° 2,800 % 600
9 " v 17 1.7 x 10° 2,400 ¥ 450
5 | 10 n n 17 1.5 x 10° 2,400 £ 600
|&]
11 TR A 64 |5.4 x 105 { 2,800 % 450
Z 1 12 n " 64 56 x 108 2,400 1 3550
a | 13 n x 7 o7 x 10® | 2,400 * 650
2z
o |16 " h 4% 4.6 x 107 | 2,400 T 600
Y IR 2 2.0 x 107 | 2,600 % 500
o | 18 " n 1 l7.0 x 10% | 2,500 £ 450
19 " n 45  13.9 x 105 | 2,700 % 550
20 " noo 1 10% - 10° -
b — ——te
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PLATE 1

Deposit particles from experiment 5

Magnification 50,000 X.






- PLATE 2

Deposit particles from experiment‘4.

Magnification 50,000 X.‘v
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PLATE 3

Deposit particleé from experiment 24,

Magnification 50,000 X.







PLATE 4

Micrograph showing finer detail in depoéit_particles.

Magnification 200,000 X,







Measurcuwenits fran sueoold
carbon, c.g. Plate 5 (shadoved dat an ancle of 39°) shov
that the particles are not flattened in any way and thatb
the average height corresponds to the diameter, The shape
of the shadows varied Trom particle to particle iﬁdicating
that the particles are irreguiar in all directicns. At A
in Plate 5, the parent particle has been detached from the
éubst’ate~during éfuporation of the shadowing material show-
ing that the particles are rather loosely held by the Tilm
supportd., Care was taken in the manipulation of the electron
microscope vacuum system so that particles were not swept
avay by violent gas currents. The best method Tound was
to raise the specimen into the air-lock chamber immediately
after radiolysis and then to pump away the radiolysed gas
using the normal procedure, A two-way valve fitted to tée
air-lock allowed controllable pre«evacudtion of the air-lock
to about 1 mm Hg pressure after which the specimen was
lowered back down into the microscope column for e&aminationu

3. Particle Size

The diameter of about 150 particles was mecasured in

each experiment from areas selected at random, The

(o]

average particle diameter was found to be 2,500 4 with an

[¢]
average deviation of ¥ 500 A and was remarkably consiant

i article sizes

9]

throushout the series of experiments. 1



PLATE 5

Particles shadowed with platinum/carbon.

Magnification 50,000 X.






ranged froen o lowver linil of about 400 A up to about 5,000 4
The frequency distribuiion of pariicle diamebters is shown

n the histograem, Fig., 15, made from 280 neasurencnts,

e

4, Particle Density (per unit area) as a Funclion of Dose

In order to establish a relationship between‘the quan-
tities of solid material formed and the irradiation time or
dose, the number of particles observed per unit area of the
substrate was determined for each experiment and wvas used
as a measure of the yield of solid. The particle denéity
determinations were made by counting the number of par-

iven area of low magnification negative plates

by

ticles on a g
(x 6,000) and equating this to the density per unit area.
The total area selected from a number of plates in cach ex-
periment usually contained 700-2,000 particles for counting,
except in experiments of short duration when this nunmber
was fewer, The most suitable distributions for counting
purposes were obtained with irradiation times bheuween aﬁout
5ﬁand 70 hours. Above 70 hours, counting became confused
by the presence of chains‘and overlapning of particles
whilst at the lower end of the scale the particle density
determinations were less accurate because of the low num-—
bers counted,

Experiments 7,8,9, and 11 and 12, were carricd out

under as necar as possible identical conditions end establish
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the reproducibility o the

size meagurements, xperiwent 10 wes performed with the
mercury nanoneter removed Trom the vacuum line,. An in-

dication of the preészre within the nicroscope column vas
obtained by observing movement of the camera air-lock door
at atmospheric pressure. From the resulis of experinents
7—20, a graph of particle density v. dose was drawvn and is
given in ¥ig., 19, A linear dependence is observed,

WVith irradiation times less than one half hour no deposit
particles at all were observed and it appears that this

is the time necessary for particles to grow and settle

out on to the specimen substrate with the particular
geometry of the system. Fig, 20 shows an enlarged scale
of part of the density v. dose curve from 0-7 hours.

5. Parwvicle Densitv as a Funciion of Pressure

Table III lists resulls from a series of experiments
conducted to investigate the dependence of particle den-
sity on pressurec. Cylind@r CO was irradiated for 9C
hours (0+24 eV/molecule CO) in each experiment with a-

source B.
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PARTICLE DENSITY X 10°% cm
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5(18) 10(36)i5(54) 20(72) 25(90)30 (i108)

DOSE eV/mol,CO X 10°2 (HOURS)

FIG, 19. GRAPH OF PARTICLE DENSITY v DOSE
FROM EXPERIMENTS (7-20 ) WITH CYLINDER CO




FIGURE 20




PARTICLE DENSITY X 10® em-2

)
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o
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I

DOSE eV/mol.CO x10~3

FIG. 20, LARGE SCALE (O - 7 HRS) OF PARTICLE
DENSITY v DOSE GRAPH SHOWN IN FIG, 19




Data for pariicle pressure curve

EExpt.vPress. offIrradiutionf Particle | rLlcle
e L , —) (o}
| No. |CO (atm.) Time (hrs.)jDen51ty (cm™=) e (A)
21 0:25 90 - -
- . 8 \
22 053 | 90 2:9 x 10% 12,400 % 550 |
: Q :
23 0-80 90 . 5+9 x 100 12,500 L 550
24 | 0.90 90 6-8 x 10° 12,500 F 550 |
, | |
25 | 0-41 . 90 C 1.9 x 10% (2,500 F 450 |

A graph of wparticle density v. pressure was drawvn
from the data in Teble III and shows a linear relation-—
ship above a critical pressure of 0-25 atm (Fig. 21). A
value of the particle density for a 90 hour exposure to
radiation at 1-0 atmospheré pressure was obtained by ex-
trapolation of the line in Iig. 19 and this point is con-
sistent with the data of Tig. 21,

The physical appearance of deposit particles 'in this
series of experiments wazs very similar to that observed
in earlier experinents. The diameters werc once again

about 2,500 A for ull the pressures investigated.

6. The Bffect of Ixpoesing Porticles to the Atnosphere

After completion of +the initial electron microscope

4

studies of the deposit periticles from experiment 4, the
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FIGURE 21
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FIG. 2. GRAPH OF PARTICLE DENSITYv, GAS PRESSURE.




specimen vas renoved from the microscope and was exposed
to0 the atmosphere then re—-eunmined éfter tivo~day inter—
vals, The anpearance of some arcas of the specinen after
ten days exposure is shown in Plate 6, The particles

which were originally irregular in outline are now much
more rounded and arc often j&ined by short necks of
material such as at A and B, -1} ese nev features suggest
that the specimen haes reacted with moisture in the at-
mospherc and has swollen up as a result, The bridging
which has developed is obviously due to contact on

swelling and subsequent shrinkage in the microscope

vacuum system, Another characteristic effect observed
is depicted at C, Plate 6, Here, and in many other areas,

the image intensity of the particles is apparently re-
versed with the particle outlines-appearing less deunse

than the surrounding material. This effect is very
similar to that produced by the negative staining tech-
nique developed by Brenner and Horne (1959), in wﬁich an
Objeot of low density is embedded in a substance containing
a high density clement (lead acetate, for example} in

order to increase the contrast between the objcct and the
background film thus allowing the object to be distinguished

more clearly, Results from later experiments do, in facw,

reveal the prescnce of a heavy element (iron or nickel)



- PLATE 6

Deposit from experiment 4 after
exposure to the atmospheré.

Magnification 50,000 X







The contrast
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in the deposits Tvom CU “-vadiolys
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effect observed heore is apvarent conseguence ol the

drying down of the fluid material, formed on absorption of

moisture, into a matrix which is more electron densc tha
he original "woolly" particles, Specimens from ex-

periments 7-20 were similarly exposed to the atmosphere
and rec-examined alt intervals., Mone of these specimens,

however, was observed to have altered and the particles

Il

continued ©vo have an irregular outline, Attempts 1o in-

duce an effect were made by subjecting the specimens to
steann for one minute or by spraying water directly on 1o

the specimen grid but once again there was no change and

the particles simply clustered together as illusirated in

Plate 7 from experiment 9.-

The anomalous behaviour of some areas of specinen 4

wvhere therec was no change in appearance afler exposure to

.

the atmosphere was later found to be a consequence of the

effect of the electron becam on deposits and is discussed

more fully later,

These initial experiments indicated that there was ¢

difference in the fundeomental behaviour of deposits to-

to depend on the grade of

vards moisture which apueared
CO used during radiolyvsis. The use of cyvlinder CU (I.C.

-
b
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o
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PIJA.TE 7

Deposit from experiment 9
after exposure to moisture.

Magnification 50,000 X







to produce deposits
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24 {e) the very nature of the electron micro-
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scope vacuum sysltem wicre there are greased controls,
numerous gaskets and vapours from photographic plates,
did not allow a chemically clean system to be attaincd

under nornal working conditions, The reason for the
variance in particle reaciivity was obviously due +to '
structural differences in theAparticles and it seemed
likely that there was an impurity in the cylinder CO
wvhich was inducing a differenﬁ growth mechanism from that
obtained with sp>chJscovically pure gas, Experiments
were therefore undertalen to investigate the effect of

certain impurities on the a-radiolysis of CO,

T The Effect on the Radiolvsis of Varving Gas Composition

(a) The Effect of Hethane

’ It was shovn in the introductory section of this
thesis that solids and liquids could be produced by the
a-~radiolysis of hydrocarbons. Additions of 10 v/o methane
were therefore made to the CU in order to establish that
the deposit did not nrise purely from the decomposition of
hydrocarbon impurities in the CO, Two experiments con-
ducted for 18 hours and 63 hours gave partvicle deusities

o [a] —
. & - O
of 15 x 10° particles cm and 5¢3 x 107 particles cn



soment bDetween thes

(D

respectively. The good
and the corresponding figures for cylinder CU listed in
Table I11 suggests that methane has little influcnce on
the present radiolyses, The particles obtained in the
presence of methane were inert towards water vapour and
were similar in appearance and size to those produced
from cylinder CO alone,

(b) The Iffect of Oxvgen

The worl of Clay, Johnson and Yarman (1963)

Anderson, -Best and Willett (1966) showed that oxygen im-
purity influenced CO radiolysis and in the present work

the effect of oxygen was examined. Lealtage of air through
the numerous joints and gaskets of the electron microscope
would introduce a small amount of oxygen into the system
during radiolysis so that even in experiments wilh spec-
troscopically pure gas some oxygen would be present
$probab1y a few p.p.m.). The total amount, however, was
ﬁndoubtedly much less than would bLe present in experiments
with cylinder ges and experiments were designed to in-.
vestigate the effect of verying the OX]TOH content, The

investigation was conducted in three ways:

(1) The oxvgen content of the cylinder gas was re-

-

duced by passing the CO through bright copper turnings a

97}

0 3 . . . : f Y re
450°C befTore admission to the microscope for radiolysi



The procedure was Lo cv7rcunbe She nderoscope colunn plus

the vacuilim 1j¢:g witls Tle buse containin
then to allov a snull anmount of CU into the system vhilsi-
pumping continucusly. After the 1niwial flushing out was
completed the pumps were isclated and the gas was leszked
slowly through the turnings into the microscope colunn,

(2) Radiolyses were performed with cylinder CUO to

o

%

which oxygen was adied from another cylinder connected tc
the vacuum line (Fig. 8).

(3) Any effcct on the radiolysis caused by a re-
duction in oxygen content wogld bé expected to be reversed

4 L |

if oxygen was added to nurified gas, Since the purifi-

1
4

cation process (1) was found to induce changes in deposit

behaviour, additions of oxygen to purified CU were made
in order to confirm or refute the influential role of

oxygen impurity in these experiments,

. Results of (1): The particle densities were detler—

mined (7able 1v) Tor each -experinent in which CO was
purified by passage through hot copper turnings. The
density v, dose graph from this data is shown in Fig. 22
(line (v)). The upper e (a) represcnts the results
from the earlier experiments with cylinder CO and it is
seen that about a four—7old reduction in yield of denosi b

1s obilained aficr purification.



FIGURE 22
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PARTICLE DENSITY x10% em~2

DOSE eV/mol COx 10°2 (HOURS)

(a) CYLINDER coO.

(b) CYLINDER CO AFTER PASSING THROUGH
COPPER TURNINGS AT 450°C
) PURIFIED CYLINDER CO FROM HARWELL.

FIG. 22. PARTICLE DENSITY V. DOSE GRAPHS
FOR VARIOUS GRADES OF CO.




Baperiments with pavilied cylinder GO (l,J,l.)
Lxpt.| Irradiation Particle i Parbic%e
No. Tine (hrs.) !Density (cm"2)§ Size (A)
25 65 144 x 107 | 2,100 ¥ 450
37 0 40 8 x 10 | -
| {
38 10 2.5 x 107 ,
; T
39 1% 0.8 x 10 % -
s |
40 | 18 3 x 107 | -

Another set of experiments (Table V) with cylinder
CO which had been purified at larwell (oxygen content
~50 v,p.m,) gave particle counts close to line (b) -
the density/dose relationship for this gas‘is given by
line (c), Fig. 22,

Lixperiments with purified CO from Harwell

| Expt. Irradiation Particle
No. Tinme (hrs.) Density (cm~2)
43 - 17 6 x 107
44 65 146 x 10°
45 ! 17 2 x 107
46 - 20 - 6 x 107
47 L 65 i 1.9 x 10°
52 ~; 40 { 1 x 108 |
Csa 1 | ~




In addition to ohe

1

of experiments wibh

particles changed appearance ofter exposure to the aﬁhos~
phere and in this way rescubled the deposits obtained
earlier from spectroscopically pure gas.

This method of producing recactive pafticles allowed
more detailed studiecs to be made of the effect of water
vapour, The rcaction process was found to be a pro-
gressive one and it was possible to obtain an immediate
change in particle appeasrance by spraying liguid water on

to deposits or to obtain only partial reaction by leaving

[oe}

specimens in a closed vessel for several hours, Plate
shows an area where reacivion with moisture has conmonced

and Plate 9 an arvea wherc reaction has progressed further.

.

Several areas which were photographed and then relocated

o

after exposure to moisture showed no change in appearance

and it was then realised that electron beam irradiation of

the deposit rendered it inactive. Re—exanination of selec~-

ted areas showed no reaction, but on moving across the

-

specimen grid awey from the irradiated spot (~50p diametber)

a gradual increase in rcactivity was observed, This effect

-1 : . ] 1 - <1 > -
of the electron bean explained the anomalous behaviour of

deposits from experinent 4 where only certain areas had re-

acted, Al) arcas of o snecinen wvere Tound to react if they

LL



PLATE 8

Particles which have absorbed moisture.

Magnification 50,000 X







PLATE 9

Particles exhibiting a higher degree of moisture
absorption than depicted in Plate 8.

Magnification 50,000 X
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were not previously G h i, ‘o anpear to

absorh moisture and beeore Lliu or gemi-liguid and theire-
alfter the fluid is apparently drawvi down on Lo the subsirate
at points where the parﬁicles touch the film supnort. Plate
10 suggests that a surface tension action is oyerafing at 4
where the chain of narticles is pinned to the subsirate, and
similarly at B and C. In Plate 11 a fold in the carbon
film support, causcd by the drying out and shrinkage of the
fluid, has resulted in movement of fluid along the length

of the fold.

Results of (2). Two experiments were performed in

. v : . . .
wvhich ~1 7o of oxygen were added to the cylinder CO prior

to radiolysis. In both these experiments the depositis re-

ained unchanged after exposure to the atmospherc and the

C)

particle densities were close to line (a), Fig 22, 1l.e.

O.
excess oxygen did not appear to affect “he radiolysis sig-
nificantly, The experiment Vlth 10 ,A)O\V“cn (65 hours)
ave 5 4 - o 4.0 .8 =2 s .
gi a particle density of 4.8 x 10 cm which is near the

8 -2 . - -
expected value of 5.1 x 10° en 2 for untreated cylinder CU

at a pressure of 0+9 atmospheres. The yield from a 17 hour
irrf.l(} 'o' S ~ ~ 8 2 4 . . . .
adravion was 1«4 x 107 particles cm and this 1s again
C].OSQ bo ‘b o r -0 z. 8 —2 . ) '1 T b I
ne value of 1-.0 x 107 cm expected from cylinder

CO after an equivalent radistion dose,



PLATE 10

Electron micrograph showing bridging
between particles.

Magnification 100,000 X







PLATE 11

This piate shows particles which have

reacted with moisture, The resulting

material has been drawn along folds in
the support film,

Magnification 100,000 X
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by passage

ras from

i
Bxperiment | 49 50 T 53 ! 65
No, ' %
Irradiation | | §
rradia ! | -
Time (hrs.) ! 65 17 65 § 65
; I ¢
Gas Mixture . CO(Harwell) | CO(Harwell): CU(Harwell) CO(over Cu)
a8 HAXTREE 1001 Yo 05 | 4048 Yo 05 | 48 Vo Op +0-8 Yo 0,
: z
Particle ; ! o
. Density ;15 x 10° L 04 x 108 0-4 x 10° - 0-5 x 108
| em=2 i ? ‘ |
? Particle ; %
 Density with' o, o _ 8 1. 8 . 8 [ -
(I.c.1.) |
; Particle : 8 % -8 8 g
. Density with' 146 x 10 . 05 x 10 1.6 x 10 16 x 107

purified Cco

The results show that there is not an increase in the

particle densities to

values along line (a) in TFig. 22, as

would be expected if oxygen was bthe impurity influencing

these depositions, but

to those
deposits

and thus

chtained wit!

show

purified gas.

rescmbled those fron a pure g

~y e
QS e

~ather that the values are closer

In addition, all the

were found to he reactive from the CO/0, mixtures

These results
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therefore strongly indicote tha®t oxygzen iz not the impuritiy
effecting the significant changes in deposit reactivity and
yield observed in the present cxperiments.

The particle densities in this set of experiments werec
generally evbn lower than those from equivalent experfmenté
with purified gas; lowering of the yield is attributed to
the oxygen additions and is discussed more Tully later,

c The Lffect of Viater Vanour. VYater wvapour was
1 -

added to purified CO (Harwell type) in order to observe any
changes in the yiclds or deposit reactivity induced by
radiolysing wet CO, Additions were made by allowing a known
volume of liquid water to evaporate into the system from a
flask connected to a side—arm in the vacuum line (at A, Tig. 8).
In the first experiment 0+l ml of water was evaporated
this being equivalent to about 1 V/o water vapour within the
total volume of the system, The pressure was made up to
one atmosphere with CO and tho.radiolysis was allowed to
Proceed Tor 18 hours. On examination, after pumping awvay
the radiolysed gas mixture, the particles did not appear to
differ in any way from those obtained with drier CO, Re~-
exanination after exposure to the atmosphere for 24 hours
shoved that the particles in areas not previously viewed had
reacted w;th or absorbed moisture whereas the particles in

areas which had been vreviously irradiated by the ‘electron



beam had not changed in appesicnce, The dej)oéj;b Trom this
experiment thus behaved in o similar manner to that from o
drier gas. The particle density, determined by the usual
method, was found to be 4 x 10' particies cm"2 which cor-
: 7 -2

responds closely to the value of 5 x 10" cm 7 obtained with
Vpurified'gases and inferring that the water vapour is not
affecting the radiolysis. |

In a second experiment 1.0 nl (~10 Y/o) of water was
eveporated into the system prior to radiolysis., The pres-
sure regisvered in the manometer showed, however, that only
2-3 V/o of water remained as vapour after addition of the
CO and it scemed likely that water was condensing on to the
cold interior metallic surfaces of the microscope colunn,
The long time found nccessary to evacuate the microscope
after deposition substantiated this suggestion. The CO in’
th%s experiment was therefore éaturated with water vapour.
Direct examination of the deposit which was produced showved

that it had partially reacted with the water vapour in the

CO after deposition or during deposition, Subsequent ex-—
posure to the atmospherc effected further reaction. It

Was not possible to obtain an accurate particle count due
to the absorption effect but the yield was certainly not

ot expected from a dry purified ga

$1

any creater than %

,
9]

The results of 1)
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of the radielysis excepy 1h causing
premature absorpbion, do further experirments with wed CO

were conducted since internal surfaces of the microscope,

fto

particularly the pole-piece systems, are readily damaged

D

by water.

(a) The Iffect of liectnllic Carbonvls

~~
[ anbd
N~
—
=
o

pentocorbonyl, Fe{CU).
0

It is well known that iron pentacarbonyl is
often present in stveel cyvlinders of CO stored at roon tem-
perature and ~ 100 aimospheres (Wewitt, 1940). The amount
"

The cylin-

J

of carbonyl can vary from cylinder to cylindex
der of CO (I.C.I.) used in the present work was therefore a
potential source of carbonyl and it became apparent that iron
peniacarbonyl wvas possibly the impurity which effected the
marked diffevences in yields and deposit reactivity in the
present work, because (i) the de-oxygenation process could
al%oveffeotively decompose the carbonyl and (ii) oxygeh and
vater vapour had nét been shown to affect the c-radiolysis
signifiénntiy.

In order to test the probability of iron carbonyl de-
composition in the ¢V sting apparatﬁs, a silicon monoxide-
coated platinun/iridiun specimen mount was inserted into
the tube contwining the copper turnings and was examined in
enntion

the clectron nicroscope after the normal de—-oxyy

S
- VoD
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process had been completed, Plote 12 illustrates the
nature of the crysitalline watbterial vhienh wvas found to he
deposited on to the speciaen mount. The inset in Plate
12 shows the diffraction patiern given by the material,
. Measurements were made and are listed in Table VII, The
derived d-values correspond with those of iron oiide,
F¢3O4, and show that it is highly probable that carbonyl is
present in the cylinder of CO used and is deccomposed in the
purification process. |

TABLLE VIT

Measurements from crvsitalline material

denmosited on to specimen mount

(Camera constant from T1Cl = 40+68)

0 Literature values for
Ring dia.(mn) d-value (A) TFe304 (A.3.7.M. Index)

8+ 40 | 4482 : 4-85
. 13-65 * 2.98 297 .
16+30 % 2u50 # 2453
16-90 %240 2442
1960 2.08 210
23-90 170 171
25-10 * 1.62 *1.61
27460 * 1.47 * 1.48

denoles stronsest rings,



PLATI 12

Crystalline I'e304 obtained by paésing
CO through a hot tube.
Magnification 100,000 X

Inset |

Fe304 diffraction pattern from the

above crystalline material.






Several experiuonts ware therelore conducted in a

vhe de—oxyzenated

similan méxner bo thosoe wibh
that the copper turnings were removed so that the hot tube
only was used for ﬁurification purposes; Passage of CO

through the tube resulted in the formation of a dark stain

at the gas inlet end of the hot zone and this again wes
shown to be Fe304 from electron diffractlion wvork., 1t was
therefore possible to study any effects on the deposition
pattern produced by removal of iron pentacarbonyl from the
Co.

Three experiments were performed with CO when iron
carbonyl had been removed by thermal decomposition (Table
VIII). Particle density determinations show that the
yield of deposit is reduced in these experiments to values
close to these previously obtained with purified gases,
thus strongly suggesting that it is in fact~the iron car-
bonyl impurity in the gas which affects the radiolysis,
Subsequent exposure of these deposits to the atmospherg

causcd absorption to occur and this again indicates that

iron carbonyl is influencing deposit behaviour.
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Bxperiments with CO ofte venovel of iron p

Lguivalent

Particle
Density from
Expt., Irradiation FPressure Particle CO with Iron
No. Pime (hrs.) of Gas Density cr—2  Present
I d QO
69 24 10 atm. 7 x 10/ 2.3 x 10°
() Q
70 66 1.0 atim., 22 x 10° 5:¢6 x 10"
7 3

76 17 1.0 atn. 10° 1:6 x 10

ul
¥

Confirmation of the influential role of iron penta-
carbonyl was sought by making additions of Fe(CO0). vapour
. 5 ,

to carbon monoxide which had been purified of carbonyls

either at lHarwell or by the thermal decomposition process.

The details of these experiments are listed in Table IX,

TABLE IX

~—

Experiments with Furified CO with Fe(CO

)

Expt. Irradiation , Partvicle_
No, ‘Time (hrs.) Gas Tiixture Density cn
78 65 CO(over Cu) + 0+4 Vo Fe(CO)5 55 x 10°

. ) . ’ o
79 17 CO(¥arwell) + 0-8 Yo Fe(CO)5 1.6 x 10°

80 70 CO(Harwell) + 02 Yo Fe(co)5 5.8 x 10

In all cases a high devosit yield was obtained and the de-

Posits were found %o be inert towards water vancur, i.e.,

+ 5 . . 3 . . h A o ey 1
both the yield and the reactividy of the depositi have bee

1 AR L

U

n

reversed by the addition of Te(C0) - vanour to the puriiied



CO, thus confizning the ioporienl role played by iron
cérbonyl,

In some initial experiments with the thermal decon-—
position process the particle densities were found to fall

between lines (a) and (c), TFig., 22. These results were

-8
found to be due to the inefficiegt removal of iron penta-
carbonyl and it was found nccessary to pack the decomn—
position tube with glass beads in order +to increase the
surface area available for the thermal decomposition of the

carbonyl. When this was done all further experiments gave
&ields close to line (c), Fig. 22.

A second cylinder of CO from larwell gave yields of
deposit intermediate between lines (a) and (ﬁ). On passing
this gas through the hot tube the yields once again fell +to
lowver values along line (c). = A black stain was observed
on the walls of the tube showing that this sccond (aluninium)
cylinder of gas contained sone iron pentacarbonyl, ‘ The
first supply from Horwell which.producod particle densities
represcnted by line (c¢) did not leave a staln after passage
through the tube and presumably was free from iron carbonyl.

Amovnt of Fe(CO)S present in the cylinder gas (r.c.1.)

o

This was estimated by pessing measured volume oif CU

n
o

Nyoueh - <o < T, -
arough the decomposition tube and analysing, colorimetrically,

the deposit which Tormed as Tesls on the surflaces o

BRSNS I



The deposited film wns dissolved in concentrated hydro-

chloric acid and the solution was evapornted down to about

1 ml. IV was then oxidised with potassium nermanganate

(2 g /1) until a faint pink colour persisted and the volume
wvas made up to 50 ml, 5 ml of potassium thiocyanate (~41)
and 2 ml hydrochloric acid {~4i) were added to-a 10 ml
aliquot and the volume was made up to 20 ml. A red colour-
ation was produced. Two successive experiments reguired
5¢3 and 5+7 ml of é standardised solution (1 ml = 0002 mg
Fe) to match the colouration at “the sdme volune., The
volune of CU decomposed was 550 ml (at 1 atmosphefe),there-
fore the gas (I.C.I.) contains about 8C p.p.m. by weight of

iron present as the carbonyl Fe(CU)5, or 280 p.p.m. Po(CU);.

Addition of excess Fe(CO)s. Additions of 0+8 V/o of

Fe(CO)5 were made to purified CU (Harwell) and to cylinder

co (r.c.1.). This 0«8 V/o is equivalent to about 200 times
that originally present in the ges. The yields from both

these experiments, however, ‘remained close to values along
line (a), Mig. 22 and indicate that the 80 p.p.m. TFe is

sufficient to fulfil whatever role the iron is playing in

the present experiments. Only when the iron is removed
does & change in yield and reactivity occur. No difference

a 71+l

in results have been observed in experiments wvith excess

Fe(CU)5 present.



(ii) Nieclkel tobeocerhorel, Si{Ci)a

Blectron diffraciion worlt Lo be deseribed later

47 l

showed the presence of either ilron or niclicl Iin the deposits
produced by «u-radiolysis of CU; the iron can, of course,
arise Tfrom the iron pentacarbonyl impurity in the gas.
Nickel tetracarbonyl can be fofmed wvhen CO is passed over
nickel surfaces at room remperature and it was found that
he needle valve in the vacuum line between the cylinder of
gas and the microscope column was a potential source of
nickel tetracarbohyl due to_the nickel plating on the inter-
nal surfaces of the valve.

Since removal of iron from the CO had been shown to
lead to a reduction in the amount of sclid produced, a
series of experiments were performed with the purified CO
from Harwell with the needle yalve removed from the vacuum
line. A further reduction in yield was obtained (Table X),
and is represented by line (c) in the dose v density graph
(Fig. 23). Here line (a) represents the yields fromn cylindér
CO containing iron carbonyl and the shaded region represents

yields from gases purified of ircn carbonyl as before.



FIGURE 23
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(a) cYL.co (1.cI)WITH IRON CARBONYL IMPURITY.
(b) CYL.CO. WITH IRON REMOVED.
(c) As FOR(b) BUT WITH NEEDLE VALVE REMOVED.

FIG 23 PARTICLE DENSITY v DOSE GRAPHS
SHOWING INFLUENCE OF METAL CARBONYLS,




PO I . -
wadle volve removed)

Size (&) Lemarks

101 67 5 x 10 1600 -
102 40 2.5 x 10 1900 -
103 16 7 x 10° - -
104 4 1-3 x 10° - -
105 40 3 x 107 -~ COy/acctone
- cold trap
inserted
106 65 1.7 x 10° ~ - Expb. with

necdle valve
incorporated
and 004 v/o
Ni(C0), added

The particles from this latest series of experiments re-
tained their characteristic features and reacted with or ab-
sorbed moisture on subsequent standing in the atnosphere,.

. 0
The average particle diamcter, however, was now.about 1600 A

‘ 0

compared with the higher value of 2,500 A found in earlier
experiments, Electron diffraction work showed thot these

deposits still contained nickel and therefore, either the CO

(Harwell) contained sonme Ni(CO)4 or there werc nickel sur-

-0 . . " . . N
taces within the microscope colunn acting as sources of
NI(CU)A. An experiment with a COo/acetone cold trap fitted

belween the source of gas and the column to remove Ni(CU)A



from the gas failed fto oliniunste the nickel, i.e., nickel
ras still detected in Lhe deposit, It was later learned
.

that the pole-piece systbews in the lenses of the microscope

.
-

consisted of coballt steel with a percentage of nickel
present as an alloying constituent. (Thé manufacturers
would nét reveal the actual analysis figures for the sieel).
There does not appear to be any other source of Hi(CO),
g
within the microscope column,
A single experiment in which 0-04 v/o of Ni(CO)A vapour

was added to purified CO (ilarwell) produced results expected

for the purified CO alone, i,e., the excess Ni(CO)A did not

~

appear to alter the yvields éignilicantly.
The results of these experiments involving iron and
nickel carbonyls have shown that the yield of deposit de-
creases as the metal carbonyl impurity convent is reduced.
It was not possible to conduct in situ experiments with CO

without some nickel carbonyl formation due to the prescnce

\

of -the nickel in the pole-pieces which therefore imposecd a
limitation on the ultimate purity obtainable in these
experiments,

‘8. External Deposition

The vacuum system shown schematically in Tig. 12 was de-
> o (=]
signed to allow the rediolysis of various gas mixbtures to be

perfornad in o systen which would be free from metellic



carbonyls, provided that the iron ia the 20 gas could be
efficicently removed by the thern wosition vrocess,

1

Neither in the reaction vessel itseli (Fig. 13) nor in any
other part of the vacuum sysien were therc nickel comporents
.which could give rise to the formation of Ei(CU)4 vapour,
thus making it theoretically possible to study the effect of
the absence of carbonyls on the radiolysis,

A third a-source, C, was employed in thesc cxperimentis,

this being a direct replacement lor source B which had become

unsealed. It was first of all desirable 1o establish ith

<

relationship between the yield of deposit collected in the

in situ experiments and that obtained with the different

N

geometry of the external reaction vessel, Lxperiments in
situ with source C resulted in vields of about one third of
these obtained with source 3, su~;ebu1nw that the dose-rate
to gas with this source (C) is lower (dosimetry has not yet
"beén done on source C).  'The depos1b10ns vere otherwise
similar in every respect to thosc obtained with source 3.
The design of the reaction vessel was important and was

found to influence the rate of collection of particles on

he specimen grid, Lxperimenis with vessels with a large
open volume above the a—-source produced 1lit or no <deposit
on the grid even after several days radiolysis. This lack

Nal
)
4

of depositi is thousht to be a conscquence of conveciion



currents sec up Wi
deposits before btheyv had fTine 1o setile out on o the col-

gy - N e RIS T & :
lecting substirate, the vessel whicn gave the hi

chest yield
of deposit and the most reproducible particle density re-

sults is shown in ¥ig, 13, where there is a more confined
s?ace above the «-source which tolsomo extent simulates the
geomeblry existing in the electron microscope experiments,
Liven with this d esign the yields of deposit tended to be
lowver than those obtained with an equivalent dose in situ.
However, the apparatus was useful in confirming the importance
of metal carbonyls in the deposition process and the following
results were obtained.
(1) Radiolysis of CO containing iron carbonyl impurity gave
deposits which were inert towards moisture and which were of

0
similar appcarance and size (-~ 2,500 A) to those produced in
situ. There was, however, a ”TCdtOL tendency for the yul—

ticles to aggregate in the experiments using the reaction
\ .
!

ves‘se'lc The aggregation was probably due to inducéd con-—
vection currents which could cause particles to collide and
stick together, This effect of clustering was less notice-
able with the in situ experiments wvhere there is greater in-
sulation of the gas against changes in roon temperature.

Klectron diffraction work on the deposits revealed the
Blectron diffraction work on the JCPO'its revealed
Presence of iron as was found with the deposits from in sii

Xperinents,



(2) Iradiolysis o Co fresd Trow o dron carbonyl but with

~r 7 PR AP L N Y o " . o
excess (-~ 10Y,/0) Ti({Cu), wepour added from o cylinder
(Fig, 12) gave deposits which rescmbled in cvery way those

obtained in situ with iron-frce gas, i.c., the deposits
changed 1in appearance after sianding in the atmosphere and
were found to conta: ckel, The yield was also lower
than in (1) above and this reduction is consistent wiith the

results revorted for in situ radiolysis.

(3) Radiolvsis of CO after abltempling to remove all carbonvis,
CC was passed through a hot tube (atrv500 ¢) PQCAOQ
with glass beads to decompose the iron carbonyl and was

led dircctly into the reaction vessel for radiolysis.

Since there are no nickel surfaces present bthe gas should
-novw be free of metal carbonvls, After radiolysis (6 days)

the specimen mount was removed Trom the vessel and exemined

in the electron microscope. An extremely small yield of

deposit was observed on the surface of the mound. By count-
;Y .
ing the number of particles-on ecch of the 7,70p holes in
. . , 5 L
the mount the yield was estincted to be =1 x 107 particles
-2 - T , W . " U
cm o, The removal of carbonyls has therefore resulted in
d. .0

a reduction in the yield of solid by about Lhree orders of

)

nagnivude, the Tew particles that vere observed woere

smaller than those found with the iopure OO0, Yhen exemined

by electron diffraciiorn, after oxidation, the particles
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gave Tour weul rin s coeorrossonded bo the four strong-
e T ; X O T N ST R T
est lines of “Ogcn shoving that sone iren was still
i

prescent in the deposit, presunably fron iron carbonyl
which had not been completely removed by the purification
process. The experiment was repeated after inscriting
three carbon dioxide/acctone cold traps inio the va cuun
system to condense out any carbonyl not renoved L by the

thermal process but azain a small yield of deposit was

P
5

m
R
R
e
H
f

duced vith iron as a constituent clement. No further at-
tempts were made to eliminate the iron completely as the
results clearly showved that the deposit yield tended to-~

vards zero as the metallic carbonyl content was rec

(4) a—-Fadiolysis of rickel tetracarbonyl vapour

In order to try to clarify the role playved by iron and

nickel carbonyls in the a-radiolviic process il was decided
to radiolyse the pure carbonyls and to look for deposition
producto. Since all previous radiolyses had been ?erformed
at one atmosphere pressure and since the maximum pressures
obtainable with the carbonyvls alone are much lower than
this ( ~ 30 cm Hg for Ni(CO)[ and ~ 2 cm Hg for le(CU) at

g
L4

0 . .
20°C), the total pressure in each case was made up to one

e inert gas helium to the systoem prior

5
<

atrosphere by addin

to radiolvsis.,



After cvacun bing ohe vaciun o Flushing outw

twice with helium, Zai{(JU)/, Vvanour was inoroduced into the

reaction vessel to a pressure ol 10 cm lig and the pressure

brousxht up to one atmoswvhers with helium, Subsequent ex-
<y a7 £ .

amination of the specinen gric showed that there was a very

Ie
1

small vield of deposit frow this mixture, It ves uot
v Az

o

possible to obtain an accurate figure for the particle den-

sity sincc most of the particles were nuch snaller than any

o]

observed previously, ranging in size from about 200 A dia.
0]
dowvn to 25 A, However, by counting the larger particles, a
b4 o [S) & + 3
ra 6 g3 "2 : D) J. 2N
value of =21 x 107 particles cm was obtained, Plate 13A

shows aun areca with both large and small particles present.
The behaviour of the particles after exposure to the at-

mosphere resembled that of all other deposits which con-—

tained nickel, i.c¢., some reaction had occurred,. Plate 138
illustrates the appearance of the particles after standing

in the atmosphere.
\ - - .
'

An equivalent experiment with ‘I{i(C())l1 at a pressure of
F

10 cm made up to atmoespheric pressure with iron-free CU gave

: . C s S ~T . =2
a very rmuch higher yield of solid, ~5 x 10’ particles cm

o
) ) o
and also much larger particles (2000 A - 2,500 A dia,) as

shown in Plate 14A (sane nification as 134 and 133).

Here, some reaction with moisture hns occurred in the inter-—
val betweer Tormubion ond subsoquent exaninntion in the



PLATE 13A -
Particles fromn He/Ni(CO)4 radiolysis.

o

Magnification 50,000 X

PLATE 138
Particles from the same experiment
as above after exposure to moisture.

Magnification 50,000 X






PLATE 14A

Particles from Ni(CO)4/CO radiolysis.

Magnification 50,000 X

PLATZ 1438
Farticles from same experiment as
above after exposure to moisture.

Magnification 50,000 X
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microscope and swelling is ohsoerved, Yurtlier exposure 5o
the atmosphere enhanced svelling as 1llustrated in Plate 145

(same magnification as 134A, 138 and 144).

(5) a=Roadiclvsis of Iron Pentacarbonyl

Liquid Fe{CO). contnined in a flask (Fig. 12) was

A

allowved to evaporate into the reaction vessel which had been

previously flushed cut and then filled to just under aioos-

Py
o
€

pheric pressure with heliwm, The manoneter indicated ¢
partial pressure of Fe(CO)5 to be ahout 2 cm Hg after equi-
librium had been attained. The total pressure was then nade
up to one atmosphere with helium and the gas mixture wvas

'

radiolysed for 20 days. Two effects were observed,

(a) A very small yield of solid, about 105 - 106

v

Y
!

s -2 . , .
particles cm ~, was obtained on the specimen mount. An
equivalent experiment with cylinder CU containing iron car-

3
bonyl impurity would have given approximately 4 x 107 par-—

-t"‘ -2 1 5 o~ o 4 3 ;4 sy s

icles cm “(as derived from dose v. pardicle density graphs).

The low yield obtained with the ¥Fe(C0)./He mixture strongly
sugegests that it is not in fact the iron carbonyl alone which

has been givin

o
D

the selid deposit throughout all of thes

experinents,

'

v - g N . P 4 3 PR Yy T ’ cye T
The solid obteoined wes similar in appeareance to depositis

from €U and 4id not clange on subsequent exposure to mois--

v

Loyan 3 . . . 5 R R
vure, Thove vere Insafliicient rverbicles for an acouriete



determingtion of parvicle size to be mades howvever, it was

. O

cevident that the overuge size wos ruch less than the 2,500 A

dia. value found for CO deposits, the pa rticles being of the
o

order of 1000 A dia.. It is believed that the solid formed

wvas produced from the secondary radiolysis of CO formed by
the action of the a-particles on the iron pentacarbonyl.
This is discussed 1aterﬂ

(b) A few small, flat, orange coloured crystals were
found to have grown on the walls of the reaction veséel.
Thesc are almost cerudlnly crystals of iron enneacarbonyl
Fe2(C())9 vhich are known to be formed by the action ofllight
on Fe(CO)

. These crystals were not obscrved on the swvecimen

o

1

mount and were subsequently shown to behave differeuntly in
the electron microscope vacuum systeri from the normal deposit
particles. Specimens suitable for microscopy were epared
by grinding the crystals between two glass slides and then

picking up fragments with a specimen mount, . The crystal
t . ¢

fraguments were found to bhe very Lnbud)lc in the electron
beam even at low Leam intensities, At the normel operational

intensity the crystals almost cempletely volatilised and in

t=te

this way differed from solids from CO radioclysis,

i
e
. ,_,

w

amples of s0lid known to he Fe2(CO)O hehaved in a similar
) v

manner to the orange crystals found on the vessel walls and
Place 15 shows an areca, phobooroohad at a low bLean intensi iy
N 0O vt UL g i DoLibiele b d ot LIELu Lo b iy

i N - SR . - o e e . 1
Mere deconsosivion has alrvendy comcenced,



PLATE 15 - .
Electron micrograph of Fe2(00)9

Magnification 100,000 X
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These studies were wnde o3 poart of an atiennt to gain

information about the nature and composition of the solids
produced by the a-radiolysis of carbon.monoxide gaé. As
will be shown below, the diffraction charucteristiés from
deposits examined immcdiafely after their formation and
collection on the substrate, yiclded little inférmation about
deposit structure and the deposits were therclore heatod
under vacuum and in oxygen in order +to induce a structural
rearrangement which might give useful diffraction data.
Previous results have strongly indicated that, in addition

to the iron carbonyl impurity in the CO obtained from steel
cylinders, there was probably some nickel carbonyl present

in the system during radiolyvsis. The iron carbonyl has

been shown to have the more pronounced influence on the de-
position process and it ovidenﬁly obscures any effect which
nickel carbonyl has on the radiolysis. Only when the iron
is removed does the influcntial role of the nickel 6ecomo
apparent. “lectron diffraction studies were therefore mude
of solids from CU containing both iron and nickel carbonyl
impurities and of solids from CU containing only nickel car-
bonyl impurity. |

(2) Devosits frow CU containins iren and nickel car-—

bonvl irmurity.
bony e
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revealed only very difilvss brosd bendas lndiconting that the
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deposlits arce of an amoryious neLoro, ;)cj..'()S] Ui WAL Werao

exposed to the atmosphere or to vhich water was deliberately

added, and which had not heen nrevicusly irradiated by the

electron beam, gove similar diffuse bands on subsequent e
anination. Plate 16 illustrates the typical diffraction
pattern obtained from this material, The pattern was the

L

sane wiether talken from a single particle or from an aggregate

[YeY
and was in fact indistinguishable from the patiern given hy
the support film (carbon film). ;

<)

The jiffect of Heatinyg Deposits in Vacuum

Deposits which were heqted under vacuwna for 15 minutes
at 500°C in the Coating Unit were observed to shrink by about
10-20 per cent as shown in Plates 17A and 178, which depict
the same arca before and aflter heating. The deposit, origin-
ally of a loose texture, has shrunk, forming densc cores of
sq}id material surrounded by smaller irregularly-shaped
paéticles. Areas which had not been previously irradiated
by the electron beam shoied a similar shrinkage.effect but ex~
hibited a higher degree of angularity in the dense regions
wilch often were hexrzonal in outline, Plate 18, for ex-
ample, shows the presence of these hexagonal regions.

Heating further to 650°C caused the supvort film (silicon

monoxide) o crystalise out, thus con



.PLATE 16

Typical electron diffraction pattern from the

deposit from CO fadiolysié.







PLATES 17A and 17B

Deposit from CO (containing iron and nickel
carbonyls) before and after heating in
~ vacuum Tor 15 minutes at 500°C.

Magnification 200,000 X










Electron micrograph illustrating the éngular
material obtained after heafiﬁg the deposit
in a vacuum for 15 minutes at 500°C. This
specimen had not been previously examined in
the microscope,

Magnification 200,000 X






higher tenperatures,

stallisution process was
presﬁmubly due o the JTormation of silicon dioxide from the
monoxide and oxygen impurity in the systen.

Blectron diffraction patterns from areas such as those
shown in‘Plates 178 and 18 were rather weak and consisted of
diffuse rings - somewhat sharper than from unheated specimens
- and a few spots, as illusirated in Plate 19, The patterns
indicated thal some ordering of the deposit structure had
occurred on heating.

The shrinkage effect could be followed continuously by
increasing the intensity of the electron bheam during ex—
amination of the deposit, i.e. by using the beam as a source
of heat, but with this method it was not possible to monitor
the tempefaturo. The Sicmens Object Heating Device, however,
was useful for observing the progressive behaviour of the

particles during heating in situ, and Plates 20A - 20i show

]

thqt most of th

1
|

shrinkage occurs hetween 250°C and 500°C;

beyond 500°C the shrinkage effect diminishes and some sinter-

)

in

b

v O

Cx

the material evidently occurs. At the highest tem—
perature atitained, 1000°C, some interaction between the
deposit and‘the support film appears to have taken place,
for example, at 'V' in Plate.203, Other a:éas shbwed a
similar interaction at 1000°C and in some regions it wés

Possible to obscrve the deposit reacting with end bresking



PLATE 19

Electron diffraction pattern from

vacuum-heated déposiis.‘
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PLATES 20A to 20E -

Series of micrographs showing the same arca
of deposit before heating in vacuum and then
after heating to 250°C, 500°C, 750°C and
1000°C respectively. -

Magnification 100,000 X


















up the supporo Iiln. Jiwbe 21 shows an area where re-—
action between the 1>ac.q;rouzyk Y3l oand the deposit has been
severe,

Plates 224 -~ 228 show fespectivcly, the diffraction
patterns from the depoéit at room temperature, then after
heating to 250°C,VSOC°C, 750°C and 1000°C,  These patterns
were obtained by centring the diffraction aperture around
the area marked with a 'D' in each of the series of micro~
graphs 204 - 20I, The scries shows that the transformation
from a random structure to a more ordered one occurs nmainly
between 250°C and 500°C, as illusvrated by the increasing
sharpness of the rings and the appearance of diffraction
spots between these temperatures. Ahove 500°C thewve is
‘little change in the diffraction patterns and this observation
is consistent with the physical changes in appearance altler
heating.

; The residue remaining after heating the deposits is
| .

likely to be either carbon, a carbide, an oxide or some other
v ? 2
inorganic substance, The d-spacings obtained from measure-

menis of the diffraction patterns of the residues are listed

195]

in Table XTI, but insufiicient data are available to charac-—
terise the matvericl, At the higher temperatures
probebly some convribution to lthe diffraction pacterns fronm

the compound or coupounds fovned by the interaction between



PLATE 21

Klectron micrograph shoving severe
reaction between the deposit and -
the support film (at 1,000°C).

Magnification 100,000 X







PLATES 22A. to 22E

Electron diffraction patterns from deposit

heated to various temperatures.

22A - Hoorn temperature 22B - 2500G
22Cc - 500°cC 22D -1750°C

22E - 1,000°C






the deposit and the silicon monoxide support film. It
was noted that the monoxide film was more stable in the
microscope vacuum system and did not crystallise out even
at 10000G,
TABLE XTI
d—Spacings fron1i vacuo.n heated deposits
Deposits heated Temp . d—spac ings
in Coating Unit 500° C 2-09, 1*23

Deposits heated

in situ 2500C  2-09, 1%*73, 1%25
g 500°C  2*08, 1%83, 1%71, 1%56, 1%21, 1*11, 0%*99
i 750°C w1, 1%*21, 0%99
s NvoowO0  1%82, 1%70, 1%56, 1*11, 0%99

-
The Effect of Heating HoposSios in Oxygen

The appear .nee of deposits which had been heated in a
stream of oxygen for 15 minutes at 500°C was found to be
similar to that of vacuum heated deposits. The diffraction'
patterns were now, however, much stronger and consisted of
a series of spotty rings as shown, for example, in Plate 23.
The d-spacings derived from these rings are given in Table
All and are found to correspond with these .of Fe”CX, show-
ing that iron, from iron carbonyl impurity, 1is a constituent
element in deposits from the a-radiolysis of impure CO.

Since nickel carbonyl is also present during radiolysis,



PL PTE 23

Diffraction pattern from deposit which has
been heated in oxygen.

The pattern corresponds to Pe~0".
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a search for nickel or nickel oxide spacings was made but
none was found. If nickel is in fact present in the de-
posits it is possible that it is converted, on subsequent
oxidation, to the isomorphous substituted oxide

The d-spacings and the intensities of the rings of this
oxide are very close to those of ?ePO4 (see Table All), and
vith the selected area diffraction technique where an accuracy
of 1-2 per cent 1is to be expected, it was not possible to
distinguish between these oxides. On one occasion, after
heating further to 650°C for 30 minutes, a diffraction pat-
tern was obtained which corresponded to xFc*00 and again

no evidence for nickel was obtained. These results suggest
that nickel is absent or perhaps present in undetectable

amounts in the dejjosits from CO containing both iron

nickel carbonyl impurities.

TABLE XII

d—spacings from vejost Spacings yxv e20/f spaci.e s
oxidised decosit A .3, "T.m .11?dex) (A. S,T.M, Index)

4%82 4% 85 4-82

* 2-98 2*97 * 2-95

- 2-50 « 2-53 * 2-51

* 2%40 2*42 2 -41

2-08 2*10 0. i

1-70 1-71 1-70

* 1-62 * J-61 1-61

a * 1%48 1-48

© »'S o etc,

den® ives s'tror*govt spé&cm gg



(b) Deposits irom ikg _conpsibning nieke1 carbonyl jm7uri"by
(iron carbonyl removed by tber roil decompos ilion)

Burlier work has shown that deposits from CO purified
of iron carbonyl react with moisture, unless rendered in-
active by irradiation from the electron beam. Diffraction
studies were therefore made of (i), inactive deposits and
(ii) deposits which had subsequ nitly reacted with water
vapour.

(i) These deposits gave a similar diffraction pattern
to deposits from CO containing both iron and nickel carbonyl
impurity; this consisted of diffuse bands of no analytical
significance. On heating in a vacuum (15 minutes aut 500°C)
a shrinkage of the particles was once again observed and is
illustrated by micrographs of the same area before and after
heating, Plates 24A and 24B respectively. The effect pro-
duced by heating was noted to be different from that of de-
posits from CO containing both iron and nickel as impurity
(Plate 17?B) and the dense regions were invariably smaller and
more numberable than previously observed. This difference
in appearance after heating suggests that the original de-
posits produced by the two grades of CO (i.e. CO of variable
carbonyl content) are structurally different, as would be
expected, since earlier observations of their behaviour to-

wards water vapour revealed that one was reactive and the



PLATES 24A and 24B

Deposit from CO (containing nickel
carbollyl) before and after hoating
in vacuum for 15 minutes at 5000C,

Magni fication 100,000 X
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other inert. Theelectron diffraction pallcrn (Plate 25)
from.areas such as in Plate 24B consisted of two fairly
sharp bands only, which again contrasts with the spotty
patterns from CO deposits containing iron.

(1ii) Plate 26A shows a group of particles which have
reacted with water wvapour. After heating in a vacuum or in
oxygen, the swollen regions shrink to form small dense par-
ticles as illustrated in Plate 26B. Now, by moving the
electron microscope objective aperture to one side, it is
possible to allow the diffracted beams from a crystalline
specimen to form the image instead of the transmitted beams.
The resulting picture 1is termed a dark field image and Plate
26C shows such an image from the particulate material in
Plate 26b. FEach bright streak represents a region of
crystaliinity and thus shows clearly that the particulate
material is highly crystalline. There is no evidence of
crystallinity in the background film. When the crystallites
are heated .further they grow in size as depicted in Plates
27A and 2°?B. Shadowing (Ni/Pd at 15°) establishes that the
crystallites are small and flat having practically no visible
shadow as can be seen from Plate 28. Folds in the background
film are also revealed by the shadowing; these have formed

during the drying out and decomposition of the swollen regions

Specimens which were heated in oxygen (15 minutes at

50G°C) gave strong diffraction patterns from the resulting



PLATE 25

Electron diffraction pattern from th

specimen denicted in Plate 243.






PLATE 26A

A group of particles which have
reacted with water wvapour.

Magni fication 100,000 X
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PLATE 2613

The same area, as in Plate 26A after
heating in wvacuum. Small
crystallites are nov observed.

Magnification 100,000 X






PLATS 266G

Dark field image from area in Plate 26B.

Magnification 100,000 X
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PLATE 27A

An area shoving the crystallites in
vacuum-heated deposit.

Magnification 100,000 X

PLATE 27D

The same area after further heating.
The crystallites have groim in size.

Magnification 100,000 X
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PLATE 28

Electron micrograph of shadowed
crystallites. Folds in the
background film are revealed.

Magnification 100,000 X
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crystallites and consisted of spotty, concentric ring’s
typical of a polycrystalline material. Measurements from
the patterns showed that the crystallites were nickel
oxide. The nickel in these deposits obviously arises from
the nickel carbonyl impurity in the CO during radiolysis
and its presence 1is analogous to that of iron from the iron
carbonyl in the CO. The results from similar specimens on
carbon support films which were heated under vacuum were
initially confusing, since the diffraction patterns corres-
ponded to nickel with one of the strong nickel oxide spacings
also evident (Table XIII). On further heating the nickel
oxide ring disappeared leaving only the nickel rings as
illustrated in Plates 29A and 29B. The oxide ring at ’'A'
in Plate 29A is not observed, after further heating (Plate
29B) . The disappearance of the oxide ring was subsequently
shown to be due to the chemical reduction of the oxide in-
itially formed by the carbon support film and Plates 30A -
3&) illustrate this effect.

TABLE XTIT

Mcasliremonts from cliffraction patterfl sbown in Plate 29A

d-spacings (:) Ni spacings (A.S.T.m.) Remarks
2.00 2*034
1*74 1*762
1*45 - NiO.spacing (1*476 g)
1*23 1*246
1*05 1*062

100 1*017
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PLATE 29A

Electron diffraction pallern frotn deposit heated
under vacuum. The pattern corresponds to nickel

with a nickel oxide ring also present at 'A1l.

PLATE 209B

Electron diffraction pattern from tlie same
specimen as above after further 3T.ea.ting
under vacuum. The niclcel oxide ring

has almost completely disappeared.






Crystallites of NiO Electron diffraction

Magnification 100,000 X pattern of NiO.
PLATE 30C PLATE 30P
Crystallites after Electron diffraction
heating in the pattern consisting of
electron beam. NiO and Ni rings.

Magnification 100,000 X






Plote 3000 w000 Coaer ol nidetied oV Le vas
on Lo e < SHURY 0
convertul to b oxidoe by hogiiv
OXVICIt, Lhe corrvespondi LowI
in Pleate 203, Aftof inserting the specinen into the elec—

tron microscope and increasi electro:

4

bean, as was done to heat the deposit specimens, a sintering

rn

of the oxide was observed (Plate 300). The corresponding

o

electron diiffraction patiern now consisbed of nickel oxide
rings together with four cxtra rings whose d-spacings cor—
responded to Uhe four suvrongzest values for nickel., This

confirms the abilitly of the carbon filim to act as a re-

ducing agentv in the elechronr heam.

IS
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10, Xlectron Probe ficroanalvsails

Investigations with the electron microprobe were
undertalken with a view to ““in‘l furvher information about
the composivion of the deposits from CO a-radiolyses. The
nmain aim was to confirm the presence of iron and nickel in

4.

the deposits fron CO which contained both these carbonyls

as lmpurities. As menvioned in the last scction, iron
alone was detected by diffraction techniques when both car-

bonyls were present during radiolysis but 1t was possible
that nickel escaped detection due to the formation of a com-

plex oxide.,
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(a) Depos 1ss fro; > 00 containing both iron and
nickel carbonyls

Plate 31A .is a comparatively 1lov magnification micro-
graph shoving the typical distribution of particles over
the support film from an 18 hour radiolysis. Vhen this
specimen and others 1like it vere examined vith the Siemens
spectrometer attachment, no signal for iron or nickel vas
obtained under any of the experimental conditions employed,
shoving that insufficient X-rays (Fella: and NiKcc) vere being
generated in the area irradiated by the electron beara (-2-10
p dia. beam probe) to allov detection. The particles vere
therefore concentrated into a smaller area by spraying water
on to the specimen grid from a commercial atomiser. The
coagulation which occurred is shown in Plate 31B. On sub-
sequent examination, veak peaks for FeKa radiation appeared
at the appropriate angle, the strength of the signal depend-
ing on the number of particles being irradiated by the probe.
Pig. 2A shows two negative .results (runs 1 and 2) from areas
containing only a few particles whereas run 3 gives a
positive result for Fe from the area shown in the attached
micrograph (X 10,000). "o nickel was detected in this area
nor in any of the other regions which gave a positive signal
for iron. A scan through-the appropriate angles was made

for other elements, for example, chromium, manganese, tungsten,

molybdenum, mercury and sulphur, but none vas detected.
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PLATE 31A

Low magnification micrograph shoving the
distribution of particles over the support film.

Magnification 10,000 X

PLATE 31IB

Particles which have been coagulated on
the support film.

Magni fication 10,000 X
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FIGURE 2:4



24, ELECTRON MICROPROBE SCAN OF DEPOSITS FROM CO
CONTAINING BOTH IRON AND NICKEL CARBONYL IMPURITY,
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(19) Deposits from -00 cogtaliring nickel carbonyl
(iron carbonyl removed) .

These deposits were concentrated in the sane way as.
before and as expected the particles reacted with the water
during the coagulation process, Fig. 25 is the trace ob-
tained from the area in the attached micrograph and a peak
for nickel is observed. Other elements, including iron,
were not detected.

S.K.M.2 Pesulbs

The results of the above investigations with the Siemens
attachment were confirmed by S.A.M.2 studies, i.e., iron or
nickel was found in deposits but not both together. In
addition, carbon was detected in deposits which contained
iron. The intensity of the signal for CKo; radiation when
compared, with the corresponding peak for FeKcc from the same
area, suggested that there was a greater concentration of
carbon in the deposit than iron ('/right, 1967). Again the
signals were rather weak. A scare]'! f.or oxygen was made on
a di fferent specimen (on a carbon support film) but tliis was
not detected.

Deposits in which nickel.was found probably decomposed,
when under examination with the probe, with the loss of

volatiles and no carbon or oxygen was detected.
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FIGURE 25



FIG, 25. ELECTRON MICROPROBE SCAN OE DEPOSITS FROM CO

CONTAINING NICKEL CARBONYL IMPURITY.
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Bxamination of Larger oarrole

The results of the microprobe studies described so Tar-
vero obtained from samples whose total weight spread over a
3 mm grid was probably about 1 pg.

The 2 mg sample of deposit which was collected for
infrared analysis, yet to be described, was subsequently
subjected to microprobe analysis for iron and nickel. The
sample in the form of a KCi. micro-disc was coated with a thin
layer of aluminium to prevent charging-up effects in the beam
The instrument used for this work was the S.E.M.2 (National
Engineering Lahoratories, East Kilbride),

Plate 32A is an electron optical picture (X 15,000) of
the deposit (dark regions) embedded, in the Kec:, Plate 333
is an X-ray distribution picture for Fence radiation from the
same area and shows a concentration of emission centres in
the dark regions. A line trace for iron was made across
AB in Plate 320 and a fairly intense peak, for iron is ob-
served. No nickel was detected on tracing across AB.

11. Experiments hithin the Irradiablon Z one of the a-Source -

All the experiments described so far were conducted
with the specimen collecting grids placed outside the zone
which is irradiated by the cc-particles, and the deposit which
was collected was shielded from further irradiation. These

deposits were shown to be of an amorphous nature and the



leiAm,l-,p* 991

Eloctron picture of cleposit embedded in KCr

Magnification 1,500 X

PLATE 32B

X-ray distribution picture of same area as above

Magnification 1,500 X

PLATE 320

Line trace through AB.

Magnification 1,500 X






electron diffraction work revealed 1little informatioSt about
their struc bure.

Experiments were subsequenilyv made with the specimen
grids placed inside the irradiated volume to observe any
effect of secondary .-—radialion on the solid depos'it. 11
was hoped that the structure of the solid might rearrange —
as did the solids from the cc-radiolvsis of hydrocarbons -
to one vhich would give an electron diffraction pattern, or
that the solid would grow on the surface of the support
film rather than in the gas phase as normally occurred.

The usual position of the specimen grid is 9 mm below the
base of the cc-source, outwith the irradiated volume.
Specimen grids were subsequently placed 1 mm from the base
of the source and also in the centre of the source and radio-
lysis of GO was allowed to proceed as before. In both
cases the solid which was collected resembled in appearance
the typical gas phase deposit obtained at 9 mm from the base
and the average particle size remained at about 2,500 X dia-
meter. Variation in the metallic carbonyl content of the
CO resulted in the formation of the two distinct types of
deposit previously observed. The quantity of solid, which
was collected on the grid was found to decrease as the grid
was placed higher 1into the a-source and was approximately

proportional to the volume of gas being irradiated, directly

above the grid. fable XIV gives the relevant data.



TABLE XIV !

11gl.abionsliip betvieocoa ylold of solid and irradiated volume

(All yields quoted are for IS hour experiments.)

Specimen-source Average particle Irradiated
o
distance density cn"z volume
9 mm 1*7. x 10° .~90 mm”
1 mm 1*0 x 10° - 60 mm”
* \J ] 3
Centre 0*9x10 4 5mm

The only different effect that was noted in these ex-
periments was that the carbon supsort film was grainier than
usual and appeared to be covered with minute (—*30 X) par-
ticles, It was possible that these were a genuine product
of the radiolysis and not an artefact and were perhaps a
precursor to the formation of the large gas phase deposit
particles. Adamson, Dawson, Feates and Sach (1966) who
found fine particulate material on graphite specimens ir-
radiated by ultraviolet light in the presence of various mix-
tures of C09, CO and CIA, believed that gaseous species held
at surface sites on the graphite were being decomposed by
the radiation to give the observed solids. It was therefore
decided to investigate the effect of a-radiation on CO in
the presence of various graphite specimens held within the
irradiation =zone.

Plate 33A is a typical micrograph of a thin area of a

graphite flake. This specimen was subjected to a—radiation



Electron micrograph of thin flako of grapliite.

Magnification 100,000 X

PLATE 333

Sane area of graph?-to after irradiating in CO
for 65 hours.

Magnification 100,000 «

PLATE 33C

Sane area after exposure to the atmosphere for
48 hours.

Magnification 100,000 X
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in one atmosphere pressure of CO for 65 hours. lie-exam-
ination of the same area (Plate 33B) shoved that in addition
to the usual gas phase deposit particles there were now very
small ("~'30 ;)) j)articles on the graphite surface; these were
also observed on the background film but do not show up well
in this particular series of plates because the graphite is
lying at an angle to the support film. The particles on the
background were randomly distributed whereas on the graphite
some arrangement appeared to have occurred. The specimen
was then exposed to the atmosphere for 48 hours and then
examined once more. Plate 33C illustrates that little has
happened in the interval. however, areas which were not
previously photographed wore found to have changed in appear-
ance. In Plate 34A, for example, it is observed that the
particles have apparently reacted wit!) moisture and have be-
gun to crystallise out under the influence of the electron
beam. The dark field image (Plate 3413) shows that some of
the small dense particles are in fact crystalline. Electron
diffraction patterns were taken from this crystalline material
and measurements corresponded to nickel. Plate 35 is a
typical pattern from the particles on the background film

and the actual area giving these rings is shown. Patterns

taken from graphite surfaces were confused by the contribution

from the graphite itself but it was Jjust possible to dis-

tingui sh the nicliel rings .



PLATE 3dA

Surface deposits which have apparent!
reacted with moisture.

Magnification 100,000 X

PLATE 343

Dark field image from Plate 34B.

Magnification 100,000 X
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BLATIC 35

Electron diffraction pattern from the small
particulate material on the support film.

The pattern corresponds to nickel.
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These surface deposits are therefore characteristic of
the large gas phase deposits .formed from iron-free CO inso-
much as they changed on exposure to the atmosphere and con-
tained nickel. It was found that the surface deposits were
hygroscopic even when depositions were performed with CO
containing iron carbonyl impurity and this strongly suggests
that they are formed by a surface reaction rather than in
the gas phase, otherwise 1iron would surely have been incor-
porated into the solid which would consequently be inert.

It appears that the CO is held at specific sites on the
graphite surface and is subsequently decomposed to give the
fine deposits. In order to substantiate the above suggestion
radiolyses were performed using three types of graphite whose
surface properties varied as a consequence of the 'defectl
content inherent in the graphite. The 'defect' content
constitutes step edges, vacancies, interstitials and dis-
locations and these can vary according to the treatment re-
ceived by the graphite during its formation or from sub-
sequent treatment. Plate 36a shows a flake of graphite

oG 2
(p. GoA.) which has been neutron irradiated (4 x 10W n/cm“)
and subsequently decorated with silver. The silver par-
ticles are distributed at random both on the background
and to a lesser extent on the graphite surface. The vacan-

cies on the surface produced by the neutron irradiation tone



some of those sites and at other *defects! on the surface.
Similar specimens when subjected to cx-radiation in the
presence of CO give a similar distribution of particles on
the surface, for example, Plate 37A.

P.0.A, and SPl specimens when decorated with silver
showed some lining-up of particles mainly along flake edges
as shown in Plates 36B and 36C respectivelye Similar
specimens after cc-irradiation in CO also showed a tendency
for the particles to arrange on the surface (Plates 37B and
37cC).

It was possible to count, approximately, the number of
surface particles in a given area, of a high magnification
micrograph (X 200,000) which thus gives a measure of the
surface particle density per.unit area. Table XV lists
the densities found on decorating and radiolysing the three
types of graphite.

TABLE XV

Particle densities for radiolvsed and decorated graphites

Ladiolysed Dec orated
Graphite Eﬂraphite surface Background. Graphite surface Background
It
density/cm” density/era” \ density/cm” densitv/cr. H
L]
Neutron
irradiated 23 x 1011 17 x 101 a%15 x 1011 6%4 x 10
P.G.A, 19 x 1011 17 x 101 2%6 x 101! 62  10xi
4.1 . 11 iOn

SP1 1c 15¥6 x 1011 3 1 x 10



PLATE 36A

Neutron irradiated graphite decorated with silver.

Magnificgtiof 100,000 X

PLATE 36B

P.G.A. graphite decorated vith silver.

llagnification 100, 000 X

PLATE 36C

SP1 decoratcd vith silver.

liagni fication 100,000 X
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L X 33

Neutron irradiated graphite exhibiting suriace
deposits after radiolvsinzr in ‘o0,

Hagnification 100,000 X

PLATE 37B

P .G.A. graphice shoving some alignment
of the surface particles.

Magnification 100,000 X

PLATE 37C

SP1i graphite similarly radiolysed in CO

llagnification 100,000 X
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On dividing the number of particles found on the -
surface by the number found on the background, the ratios
for the radiolysed samples work out at 1:2:2*8 E Sri:P.O.A.:
neutron irradiated P.G.A. and for the silver decorated
specimens they are 1:2°16:2*77 - 3P1:P,G.A.: neutron ir~
radiated P.G.A* This similarity in the par ticle dis-
tribution on the graphite surfaces strongly suggests that
the surface deposits from the radiolysed samples are formed
by a surface reaction rather than by a gas-phase process.

The ratio 1:2:2*8 did not always strictly hold and the
values given are the. averages of a large nurnlwr of measure-
ments. The number of particles on the neutron irradiated
graphite was, however., always greater than found in the
other two graphites but sometimes there were more particles
on the SPl1 than on the P.Cr.A. samples and sometimes no sur-
face deposit was observed in some areas of the radiolysed
specimensc Graphite specimens prepared by a dry technique
gave similar particle counts after radiolysis to those pre-
pared by the wet ultrasonic method.

The size of the particles remained approximately the
same in all three radiolysed samples whereas in the silver
decorated samples the average size increased as the particle
count decreased due to combination of the particles which

are mobile at the temperature of decoration. Graphite



specimens placed in the wusual position 9 mm from the base
of the a—source, 1i,e» outwith the irradiation zone, did
not show any surface deposits after GO radiolysis*

12* Proton Van de Graaff Experiments

The comparatively high dose rates available with the
proton Van de Graaff apparatus at Harwell provided an
opportunity to obtain sufficient solid for infrared analysis.
Three main experiments were performed in which the iron car-
bonyl content of the GO was varied. All other conditions
were as near as possible identical.

Experi merit A . In this experiment cylinder CO was used
without further purification. Small gquantities (probably
about 200 p.p.m.) of iron carbonyl would thus be present
during proton radiolysis as in the a-radiolytic experiments.
Now, since the dose rates available with this apparatus are
very much greater than that from the cc-source - about two
thousand times greater - much larger amounts of solid can
be obtained, and it was predicted that in this experiment
all the iron carbonyl in the volume of CO being radiolysed
would be used up before deposition had ceased and the solid
would contain some iron but insufficient to render the solid
completely inert towards moisture.

Experiment B. A similar experiment to A above was made,

but with the iron carbonyl impurity removed from the GO by
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the use of' cold traps, the resulting solid a;as. expected
to be free from iron and consequently of an hygroscopic
nature.

Experiment C» In this experiment excess iron penta-
carbonyl (='3 r,., was added to the CO prior to radiolysis
and it was believed that the solid would contain sufficient
iron to render it inert towards water wvapour,

(@) Visual Cbsorvations

It was possible to observe the solid forming in the gas
phase within the reaction cell during an experimelllal run»
The time before a 1lsmoke’ was observed in the cell decreased
as the iron carbonyl content of the CO was increased in the
three experiments. Towards the end of the run in experiment
G, long, fine chains of particles built up around the elect-
rode. These were subsequently fmnd to be magnetic and
evidently contained a high iron content. The solids from
experiments A and B were partially soluble in water and
géve a yellow acidic solution. Sample C was apparently
insoluble in water but was partially soluble in 50fc hydro-
chloric acid.

(o Electron Micros copy of Deposits

The solids from the three experiments - several runs
were necessary to obtain sufficient- for microscopy and .

infrared analyses - were removed from the reaction vessel
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and put into glass tubes for subsequent examination.
Plates 38A, 392 and A0.1 are typical electron micrographs
of the solids from experiments A, B and C respectively.
The most interesting feature is that the solid from B con-
0 0
sists of smaller particles (300-500A) than A (1000ZA) where
the iron content in the CO was greater. The solid from
C is composed of both large particles (up to 10GG;) and
long chains of material.

Samples of the three solids were subsequently placed
in a Petri-dish containing some water, for 48 hours, and
were then examined in the electron microscope. ' Plates
38B and 39B show that these samples (A and 13) have obviously
reacted with water whereas the solid from experiment C does
not appear to have changed in any way.

Qualitative analysis with the electron microprobe
(S.E.iM.2) revealed no iron in B, a small amount in A and
larger quantities in sample C, as was predicted.

18» Infrared Analvsis

The solids from experiments A, B and C were made into
micro-discs for infrared analysis by compressing with
potassiui bromide . So also was the solid which deposi ted
on the capillary tube in the ’'bubbler’ experiment (Pig. 16)

where CO was passed through the cc-sounce for 30 days into

CCIie The.original intention here, was to suspend deposit

particles in CCy, for subsequent infrared work bub instead



PLATE 38A

Solid from the proton irradiation of CO
(experiment A),

Na;, nification 100, 000 X

PLATE 3SB

Same solid which lias been exposed to
water wvapour.

Magnification .100,000 X






PLATE 39A

Solid frara experiment B.

Magnification 100,000 X

PLATE 39B

Same solid after exposure to water

Magni ficatiail 100, 000 X

vapour.
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PLATE 40A

Solid from experiment O.

Magnificatioll 100, 000 X

PLA TX 4013

Same solid after exposure to water

Magnification 100,000 X

vapour.
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the solid gathered, on the walls of the capillary* Since
cvliiider GO (I.C,I.) was used in t),:is experiment, iro
carbonyl would be present during radiolysis and possibly
also nickel carbonyl from reaction between the CO and the
needle wvalve. The solid was partially soluble in hydro-
chloric acid and gave a yellow solution.

Fig. 26 shows the spectrum (4000-625 cm ) for each
of the four solids; there are similarities and differences
evident. A and BB are almost identical and show absorptions
for water ¢ 3500 cm G-H (2,900 cm ad. C=0 (1~25 cm ~)
The absorptions at 1620 cm »~ and Id00 cm ~ in A and B are
attributed to the asymmetric and symmetric stretching
frequencies of the carboxylate ion, COO , respectively.
The greater intensity of the asymmetric frequency (1620 cm ")
conforms with data presented in Infrared Structural Correlation
Tables and both absorptions fall well within the ranges as-
signed to the carboxvlate ion frequencies (asymmetric,
1625 cm ~ - 1500 cm ~; symmetric, 1410 cm ~ - 1300 cm ).
In sample C there is a fairly strong additional absorption
at 2000 cm which is most 1likely due to the allene group
c-Cc-C, flic absorptions at 1.575 cm ~ and 1400 cm *~ are
again attributed to the carboxylate ion. The d.ip in the
curve at 1630 cm » possibly arises from conjugated C=C

bonds but this evidence is weak. However, the lowering of
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A

the asymmetric frequency of the carboxylate ion to 1570 cm
is consistent with the introduction of conjugation. There
is no evidence of an absorption for C=0 in this sample. In

A

the alpha-radiolytic sample the absorptions at 1530 cm and

1370 cm © are once more attributed to the carboxylate ion.
The appearance of the veil defined absorption at 1620 ea ©
provides stronger evidence of a conjugated C-C system,
This absorption can also arise from dissolved water in the
micro-disc, but this frequency persisted on re-examination
of the solid, after drying under vacuum for 24 hours. Like
sample C, the alpha-radiolytic solid does not exhibit an
absorption for 0=0,

Other frequencies in the spectra are unassigned but it

AN

is possible that the absorption at 1200 cm is due to the
presence of the lactone group, C-0———C. It is interesting to
note that the samples with the lowest iron content, 3 (no
iron) and A, exhibit an absorption indicative of the C=0
group, whereas sample C and the alpha-radiolytic solid do

not exhibit an equivalent absorption for this group. Also
noteworthy is the evidence of a higher degree of unsaturation
in sample C and the alpha-radiolytic sample manifested by

the absorptions for C-C and C=C=C. A possible explanation

for these differences i1s discussed later.
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14 . Electron Paranapno hio . sOnance Spec tr. :.o0m

Van do G-raaff Solids,

After the microscopy and infrared studies had been
completed, there was Jjust sufficient solid available from
experiments A and B for electron paramagnetic resonance
spectroscopy measurements to be made, A Decca-Kewport
spectrometer was used for this purpose. The instrument
had to be operated, under the most sensitive detection con-
ditions in order to obtain a signal. The spectra were run
in duplicate and were apparently identical. Pig* 27 shows
the typical signal obtained. A single, broad absorption
(resonant field 3305°6 + 0*2 gauss) 1is observed with no
hyperfine structure. This result is very consistent with

the radical O=C~é—d;O (A,L . Porte,
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DLACU,>3I011i

1« 1xlankl Expor lmerits

It vas important to establish that the solid material
which settled on to the electron microscope specimen grid
after radiolysis was a genuine product from the carbon
monoxide gas and was not an artefact. The initial ex-
periments vhero no dcposits werc oDtained with low pressures
of CO show that the solid does not arise from the cc-source
itself or from the protective Araldite coating. The leak-
age of plutonium from source 13 provides .evidence that the
coating does decompose slowly under irradiation. The same
experiments also eliminate the rcdiolytic decomposition of
residual pump vapours in the microscope as the source of
the solid matorial.

The early work of Cameron and Ramsay (1908) and of
Vourtzel (1919) on the oc-radiolysis of COo shoved that solid
mercuric oxide could be formed if mercury was present as an
impurity in the system during radiolysis. It was there-
fore possible that mercury could react in Id is way in the
present experiments since a small amount would be present
in the system from the mercury manometer in the gas 1line.

It was also possible that mercury could affect the radio-
lvses by a charge transfer mechanism, CO' 4 Kg > CO + Kg' ,

in a similar manner to CQ0 (Rudolph and Lind, 1960a) since



mercury , like C00, has a lower lonisation potential than

Co. By this process the mercury could- deactivate the CO
and thus reduce the amount of reaction. However, the early
exper irnents with the exteriial aj)parabus w3iere cold trapping
was introduced, show that the yields of solid obtained do
not appear to differ significantly from those when mercury
is present, In addition, electron diffraction work and
electron probe microanalysis do not reveal any evidence of
mercury in the solid material, and it is concluded that
mercury has little, if any, influence on the present radio-
lyses. In the introductory section of this thesis it is
shown tliat liquids and solids can be produced by the action
of oi-radiation on hydrocarbons , Methane and other low
molecular weight hydrocarbons tend to give a liquid polymer
after cc-radiolysis, but it is possible to obtain a solid by
secondary irradiation of the liquid polymer (Lind and Bardwell,
1926) . A few parts per million of hydrocarbons were believed
to be present in the CO used throughout this work, methane
being the most probable impurity. Although it seemed un-
likely that such small amounts of hydrocarbons could account
for all of the deposit collected, the methane additions to
CO were made in order to ascertain the effect of increased
hydrocarbon content. The addition of 10 v/o methane to the

CO would not only increase the methane content by several
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orders of magnitude but would also increase the ethane and
propane content considerably-since these are present as im-
purities in the methane. The particle density counts from
these experiments do not shew an increase in the yield of
solid after radiolysis with increase in hydrocarbon content,
and the shape and size of the particles appear to be iden-
tical with those from experiments where no methane was
added. These results strongly suggest that the solid
deposit formed in the present work is not a consequence of
hydrocarbon decomposition. The results of subsequent ex-
periments which are discussed later, show that the solid
arises from the CO and that metallic carbonyls strongly in-
fluence the radiolytic processes occurring. The effect
of oxygen on the radiolyses is also discussed.
2 Evidence for Gas Plia.se Formation of Solid

Sufficient evidence has been obtained to establish
that the particles (2,500 : diameter) formed by the a-—
radiolysis of CO grow in the gas phase within the irradiation
zone of the a-source and subsequently settle out on to the
specimen grid. Evidence for this is revealed by the three-
dimensional nature of the particles; they have api>rox-
imately the same dimension in all directions, as illustrated
by the shadowing experiments, and may be considered, to be

irregular spheres. The ease with which the particles can
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be removed from the supporting film and the small area of
allachment to the support, manifested after removal of a
particle (Plate 5), indicate that the particles are loosely
held on the surface and are therefore most likely to be
formed in theegas phase since substances which grow on a
surface are generally extended preferentially along one or
two axes and have a ranch wider area of contact with the
surface. Further evidence of a gas phase formation of
solid is obtained from the results of the experiments where
the collecting substrate was raised into-the co-source. In
these experiments it is found that the yield of solid de-
creases as the substrate is raised higher into the co-source,
the yield obtained being approximately proportional to the
irradiated volume above the substrate. Had the particles
grown on the support film the 'yields would have been ex-
pected to remain constant since the same irradiation dose
was given to all of these experiments.
3* Particle Size
(a) deneroil Cons iderallons

'It has been established that the particles from
the radiolyses form within the irradiation 2zone of the oo
source and settle out on to the specimen grid. Using data
given by Green and Lane (195?) it is calculated that the

o
terminal velocity of the particles (2,500 A diameter) is
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about 2°5 x lOJa cm sec"%A The particles would therefore
take about six to seven minutes to fall from the lover
regions of the irradiated volume of -the a-source on to

the support film. About 110 minutes wvonId be required
for thom to reach the support from the upper regions of
the a-source. The time necessary for g particle to fall
from the irradiation zone on to the substrate is therefore,
short compared with the duration of an average expea:iment
(1T to ©5 hours). The average size of the particles
produced amnthin the electron microscope would not be ex-
pected to differ much from those obtained with the exter-
nal reaction vessel since the geometry of the two systems
is quite similar, and, indeed, this is borne out by the
partic le size rneasurements . 13oth systems are essentially
static, there being no flow of gas other than that which
arises from convection currents due to room temperature
changes. The higher number of short chains observed in
the reaction vessel experiments compared to the in situ
work, 1is believed to be due to the greater ease with which
thermal gradients can be set up within the reaction vessel
which is less well insulated than the microscope column.
The turbulence which results causes the particles to
collide to form the chains,

The stopping power of a 5 MeV a-particle in carbon

monoxide at atmospheric pressure is calculated to be
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o
~1
0*01 eV A , Taking a value of 34 eV for ion pair
formation (Lind, 1961), this means that the average- dis-
o
tancc between ion pairs is 3,400 A, Although this might
suggest that aggregation along an a-track is unlikely to
be of prominence in the present experiments since the
0 0
average particle diameter (2,500 A) is less than 3,400 A,
it is possible that aggregation could occur when the in-
dividual ionisation events are closer together than
o

2.500 A. The present electron microscope studies have,
however, shown that extensive chains of particles are
not found, the particles existing mainly as single units,
small aggregates and short chains.

The average particle diameter is found to be about

o

2.500 A, this value remaining effectively constant over
a range of experiments where the parameters of pressure,
dose and gas composition are varied. The experiments
with the collecting substrate-placed into the irradiated
volume of the o:-source also result in the production of
gas-phase particles of about the same size as these col-
lected outvith the source. This indicates that the par-
ticles do not grow continuously within the irradiation
zone of the a-source once they have settled out on to the
substrate. The particle size distribution of an aerosol

apparently depends mainly upon coagulation and sedimentation

rates (Dunning, 1I960; Jimge, 1963). Junge states that
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sedimentation controls the upper size 1limit of an aerosol
particle and coagulation the lower size 1limit. The value
of 2.500 X for the average particle diameter is riot
peculiar to the present system but aopears to occur rather
frequently in a number of other aerosol systems. for
example, Chamberlain (1968) describes the void: of K.J.

o
Heard, who obtained 2000 A diameter particles of ammonium
sulphate, by the action of a-radiation from thoron in a
capacity box (1 cubic metre) containing atmospheric air.
The aerosol took several hours to form in this large volume.
An electron micrograph of the solid shoved the presence of
single particles, aggregates of three or four particles
and short chains, and this was remarkably similar in
appearance to micrographs of the solid from the present
work where the particles are formed in a small volume (0°25 ml)
and are visible after about 20 to 30 minutes. The fairly
unifrom particle size appears to be the result of the com-
peting processes of coagulation, sedimentation and diffusion
(Chamberlain, 1968). The intercept on the pressure
variance curve, Figure 21, probably arises from the dif-
fusion of small 'smokes' from the irradiation zone. As
the pressure of CO gas is lowered the growth rabe of the.

particles will decrease due to the collisions lietween

activated species becoming less frequent, and it appears
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that at the low pressure end of the scale the species
giving rise to particle growth can diffuse from the ir-
radiation zone before appreciable growth occurs. This
diffusion process would also account for the absence of a
visible deposit in some of the early-experiments conducted
at low'pressures (Table II). In the present work then,
particles formed at pressures between 0*25 and one atmosphere
(for a constant irradiation time of 90 hours) have approx-
imately the same size (Table III). Experiments conducted
at one atmosphere pressure for various irradiation times up
to 90 hours, also produce particles of about the same size
(Table 1II).

(b) The Effect of Metallic Carbonyls . Particle Size

Significant changes in particle size are found when

the metallic carbonyl content of the carbon monoxide is de-
creased. Concentrations of iron pentacarbonyl between 280
parts per million, the amount estimated to be present in the
c;linder gas, and 0*8 v/0> achieved by deliberate addition
of Fe(CO0)_ vapour, gave particles of the standard size
(2,500 2). Also present in the gas in these experiments
was an unknown quantity of nickel tetracarbonyl wvapour
formed by the reaction between the CO and the nickel in the

needle valve in the gas line and the nickel in the microscope

pole-piec.es. Excess nickel tetracarbonyl,. like iron
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pontacarbonyl, failed to alter the particlc size. However,
when the iron carbonyl was removed (leaving the nickel
carbonyl) the average particle size deopped to about 2,100 X.
This wvalue 1is only slightly lower than that found when iron
is present (2,500 g) but it is thought to be outwith the
errors of measurement. Furthermore, on removing the iron
carbonyl and decreasing the nickel carbonyl content by taking
the needle valve out of the gas 1line, that is leaving only
the pole-pieces as the source of nickel carbonyl, then the
average particle size value falls to about 1,600 :, (Table
X). These findings suggest that the metal carbonyls must
in some way.enhance the growth of solid in the present ex-
periments. The external glass apparatus was useful in
extending these experiments to'the stage where only traces
of iron carbonyl were present and in these .cases particles
below 100 : were observed after long irradiation times,
thus confirming the importance of metal carbonyls in the
particle growth process.
(c) Particle Sizes in the Proton Van de G-raaff Experimer

The results of the series of experiments performed
with the Van de G-raaff apparatus again reflect the important
role of metallic carbonyls in the 'radiolysis of GO. In
experiment B where the carbonyls were removed from the CO

prior to radiolysis, the particles were found to be 300 -

o o
500 A in diameter whereas particles of up to about 1000 A
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'were obtained in the other experiments (A and C) where iron
carbonyl was present. These results, together with the
visual observation that particles are formed more quickly
when carbonyl is present, lend support to the belief that
carbonyls enhance the growth rate of solid in the gas phase
and are consistent with the results of the ct-radiolytic work,

The particle sizes of the solid from the proton ir-
radiation of CO in. a flowing system, reported by Baird,
Dawson and Vood (1964), were shown to vary between 300 X
and 13,000 X, depending on the collecting position within
the irradiation cell, the bean energy used, the temperature
and the rate of flow of gas. It is difficult to correlate
the particle size results of these experiments with the
present ones owing to the wide variety of conditions used
and the fact that the present Van de G-raaff deposits were
mechanically ground before viewing, unlike the former
preparations where the solid was collected directly on the
grid within the proton irradiation cell, In addition, the
effect of metallic carbonyls on the radiolysis was not known
then, and it is possible that some metal carbonyl impurity
was present in these exporiments.
4, Particle rlorphology

(a) Cfeneral Coiisiderations

The solid particle s produced in the gas phase by

the a-radiolysis of Cu consis.t of single units, aggregates®
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and short chains as depicted in Plates I to III. These
specimens have not undergone any preparatory treatment sub-
sequent to deposition and are thus a true representation of
the morphological nature of the solid particles formed by
the cc~radiolys is of CO. The similarity between these
micrographs and those of Vatson, Vanpee and Lind (1950) and
of Ryan (1963) where mechanical treatment had been given to
the solids, suggests that the grinding treatment does not
alter the structure significantly, assuming of course, that
the particles from these experiments were initially 1like
those of the present work. The physical appearance of the
particles from the in situ experiments does not seem to
differ from these produced in the external apparatus and
there is no appa.rent differerice be tween the particles pro-
dueed with different a-sources, The yield of solid from
source C, however, is about one third that obtained with
source B for the irradiation time and presumably the dose
rate to gas with this source 1is about one third that of B
(measurements have not yet been made) since the deposit
yields have been shown to depend linearly on the dose (Figure
19) . In experiments of short duration, up to about 12 hours
with source B, mainly single particles are observed evenly
distributed over the entire area of the specimen ¢grid.

After longer irradiation times.the number of chains observed



201

appears to increase. -this effect is believed to result
from collision between particles already on the substrate
and those settling out on to the grid, which'becomes pro-
gressively covered with particles. The chains are
evidently pinned, at one end on to the substrate and wave
about, thus tending to pick up further particles from the
gas phase. Furthermore, the geometry of the deposition
systems and the dose rate to gas for a given G-source are
the same for each experiment, and this should lead to a
constant rate of formation and sedimentation of particles.
Details of the particle structure are revealed, in
Plate 4 at a magnification of 200,000 times (1 mm - 50 z).
This micrograph shows that the particles have a ’'woolly’
texture and are composed of small irregularly-shaped sub-
units, which are often less than 100 g diameter. Individual
particles of this order of size have been found in other
experiments in the present work, for example, as illustrated
in Plate 13A, and it is possible that these small units are
precursors in the. formation of the larger particles. The
molecules composing the particles do not form extensive
crystalline arrays but come together in a random manner as
revealed by the electron diffraction studies. This is in

agreement with the work of Watson, Vanpee and Lind (1950)

and Lind and Wright (1963) who found the deposits to' be of

an amorphous nature.



() The LffecA of hater Vapour On Par lielIe iiorphol ogy
The effect of water wvapour on the hygroscopic

particles, that is, the particles from experiments performed
in the absence of iron pentacarbonyl, is to cause the
particlés to swell up and lecorie fluid, as illustrated in
Plates 8, 9, 10 and 11. An interesting feature which occurs
is the bridging between particles. This effect is similar
to the 'necking' observed by Watson, Yanpee and Lind (1950)
who postulated the existence of two distinct phases, one
solid and one liguid, in the solid from the a-radiolysis of
CO. 133ird, Dawson and 3ood (1964) also repor ted evidenc.e
of small particulate material surrounded by a substance of
a less dense nature when low proton beam currents were used.
The appearance of the particles illustrated in Plate 10 is
also quite similar to that observed in other proton ir-
radiation experiments where a tenuous membrane is often
found to link particles in a chain-like manner. In view
gf the knowledge gained in the p>resent work it is*suggested
here that the less dense 'liquidl material formerly ob-
served by these workers is a consequence of moisture ab-
sorption and is not a genuine second phase formed during
radiolysis.

It has been shown that jurtides which contain iron do

not react with water whereas those which contain nickel as
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a constituent do react to give the effects described earlier.
This difference in reactivity must be the result of different
bonding of the iron and. nickel to the rest of the molecule.

It appears that when iron is present the reactive groups are
chemically blocked and the particles remain unchanged. When
the iron in the so0lid is replaced by nickel the reactive
groups remain free for chemical reaction. Although the
nature of the bonding which occurs between the metals and

the rest of the molecule has not been established conclusively
in this work, the results of the infrared studies discussed
below do help to elucidate the nature of the bonding in the
inert solid. Schmidt, boehm and Hofmann (1935, 1959), who
obtained a solid polymer on heating carbon suboxide gas, found
that the solid absorbed water irreversibly and they suggested

that the water added on across ketene and lactone groups thus

i HoO | 0
=Cc- c=cCc*=0o0 > = C- C- C- On
I /I
\ ketene H
Ay A G
g-C=0 Ho% 'c - G¢¥
- G/ } ~ C/ \ OH
c— 0 S o

lac tone

A splitting-off of carbon dioxide was observed during
the reaction and this was 'attributed to de-carboxvlation.

In the present work the particles which had reacted with
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moisture were observed to shrink, on heating in vacuo leaving
a residue of nickel or nickel oxide, and it seems- likely that
volatile material is lost at this stage due to the decom-
position of the solid. The volatile material may be CO,
CCk or other organic gases.

The phenomenon of potentially reactive deposits .being
rendered inert by viewing in the microscope before exposure
to the atmosphere caused some confusion in the initial stages
of the work and accounts for the apparently anomolous results
at that time. The difference in reactivity after viewing is
almost certain to be the result of the irradiation damage in-
duced in the specimen during examination in the microscope.
According to Reimer (1965) a dose of about 6 x 10 rads
per second is absorbed by an object viewrd at a magnification
of 10,000 times at an operating voltage of 60 ICY. This high
dose can give rise to modifications of the specimen and in
particular can cause cross-linking between molecules, thus
altering the nature of the solid and conferring quite different
properties to it. Polymers are especially susceptible to ir-
radiation damage and a high degree of cross-linking or chain
scission can occur. Analytical evidence discussed 1later
indicates that the radiolytic solids produced in this work are
composed of polymeric units of a carbon suboxide and it is

suggested that the effect of the electron beam on these 1is to
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cause cross-linking, with the result that a higher molecular
weight, insoluble material is formed.
5. Composition and Chemical Nature of the Solids

It has been established by previous work mentioned in
the introductory section of this thesis, that the solid pro-
duced by the action of high energy radiation on carbon monoxide
consists mainly of carbon*and oxygen. Marsh, and Vright (1964)
reported that the solids from their reactor and proton ir-
radiations were probably polymers of carbon suboxide but found
them to be structurally unlike the thermal polymer of carbon¥*
suboxide which has a ring structure. They proposed on the basis *
of infrared data submitted to them by A.M. Deane, that the
solids were similar to polymers which might be produced by

pyrolysis of lactones. Anderson, Best and Villett (1966) &

* 4

suggested that the solid from their proton and gamma experiments
was a linear polymer of carbon suboxide and showed that the
emx*irical composition (C-,70) of the solid did not change *
significantly over a 200-fold variation in the dose—rate.

It has been calculated, from dosimetry measurements, that the
dose-rate to gas in the present proton experiments is about

two thousand times greater than the dose-rate available with

the plutonium a-source. The analytical data which have been
acquired indicate that structurally similar solids are pro-

duced by these two different ionising radiations. The
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deposits from the a~radiolys.es and from the complementary
proton experiments have been shown, by electron diffraction,
electron probe microanalysis and infrared spectroscopy
techniques, to consist mainly of carbon, oxygen arid either

iron or nickel according to the metallic carbonyl impurities
present in the carbon monoxide during radiolysis. Iron and
nickel have not been detected to occur together in the solid
material when both these carbonyls are present in the gas;
under this condition (both carbonyls present) there is evidence
for iron only. then the iron carbon; 1 is removed from the GO
then nickel is found to be one. of the constituents of the solid,
provided, of course, there is nickel carbonyl in the gas during
radiolysis. The preference for iron to be incorporated into
the solid may well be due to the respective ionisation poten-
tials of iron pentacarbonyl and nickel tetracarbonyl.

Yilesov and. Kurbatov (1961) give the values of tlleso as 8-28
eY for Ki(CO)* and 8*53 eY for Pe(CO)_. Nevertheless, in
both cases the value for the iron carbonyl is lower than that
for nickel carbonyl- and it is possible that energy transfer
occurs from the Ki(CO) é‘to the Ee(GO)5 on absorption of
radiation, so that the latter is preferentially decomposed.
After the initial aDsorption process has occurred, the car-
bonyls may be degraded by the consecutive 1loss of CO molecules

to give the metal ion, as was found by winters and Kiser (1964)



in their mass spectrometric sliidies » llowever , 1j\e inost
abundant ions produced from Fg (GO) and Hi (GO) Vi€:e resoocc -
tively Fe%'and Hi CO .. Nickel tetraca.rbonyl is*apparently
more resistant.to decomposition by radiation than iron penta-
carbonyl. This was demonstrated by Garratt and Thomson
(193d) who used ultraviolet, light and Barzynski and Hummel
(1963) who used “*CO y—radiation. The resistance to decom-
position is attributed to the rapid recombination of the
primary products, nickel tricarhonyl, Ni(CO)%* and. carbon mon-
oxi.de (Pearson, Basolo , lay, Kangas a.nd Henry, 1968). On
absorption of energy, iron pentacarbonyl tends to form iron
enneacarbonyl Pe” (CO) (,* The present studies have shown, how-
ever, that the solid from the cc-radiolysis of GO in the pres-
ence of iron pentacarbonyl is quite unlike iron enneacarbonyl,
It is not known whether the metal ion or one of the many
possible intermediate carbonyls formed during degradation,
for example, HiGO', Fe(CQ) 1, subsequently reacts with the

CO decomposition products to produce the solid material which
is observed in the present experiments. The reaction may
occur via the metal ion in the experiments where Fe (CO)_
inrpurity .is present and via an intermediate carbonyl when

Ki (CO) ~ impurity is present. This could. account for t]lo
different behaviours of the resulting solids towards water

vapour since different chemical structures would almost

certainly be formed by the different reaction processes.
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The results of the infrared studies help to elucidate the
chemical structures of the radiolytic solids. The most
prominelll featuresofthese studiOsas awhole, are the ah-
sorptions indicative ofC=C=C, C=0, GOO-" and,possibly, Cc=C.
These groups could be readily accounted for by the formation
of a polymer built up from carbon suboxide units, that is
from units of 0=C=C=G=0. The electron paramagnetic reson-
ance spectrum of the solid (from the proton experiments) is

very cousistent with

and tends to confirm that such a polymer is formed. However,
it is difficult to write a definite structure for such a
polymer, especially one which would account for the observed
partial solubility of the solids in water and hydrochloric
acid. Smith, Young, Smith and. Carter (1963) state that
there are at least sixteen different ways- (excluding various N
resonance forms and random combinations) of drawing a regular
repetitive polymeric structure based on C?OE units. The
partial solubilities of the solids in polar solvents would

be difficult to account for if a regular repetitive structure
was postulated for the solid material produced in the present
work, and it is proposed, here that the solids are composed, of

basically similar units of different molecular weight. The



- 209 -

absence of crystalUnity in the solid tends to support this
suggestion. The higher molecular -weight material could
account for the insoluble portion of the solid and the 1lover
molecular weight material for the soluble component of the
solid.

There is some evidence in the infrared spectra vhich in-
dicates that the four solids examined by this technique have
absorbed moisture. The absorption could occur either during
radiolysis from water impurity in the gas, or on subsequent
exposure of the solid to atmospheric conditions, Examination
of the electron micrographs of. the solids shows that when
iron carbonyl is present in the gas as an impurity there
must be a very limited amount of water absorbed after ex-
posure to the atmosphere since their physical appearance is
apparently unaltered. In the absence of iron carbonyl the
particles have a quite different morphology after exposure to
the atmosphere, and appear 'to have absorbed relatively large
amounts of water. The results of the electron microscopy
studies are consistent with the visual observations, made on
the ’'bulk* samples, which reveal that the iron-free solids are
partially soluble in water yielding an acid solution and the
iron-containing ones are apparently insoluble in water
(partially soluble in hydrochloric acid) » The greater in-

solubility of the iron-contemning deposits is obviously due
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to some effect which the iron has upon the chemical structure
of the solids. i'lie most striking difference apparent in

the infrared spectra of the solids is that the iron-free
solid exhibits an absorption for the carbonyl group whereas
the solids containing iron (from experiment G and. the a-
radiolytic experiment) do not have a corresponding absorption
for C=0. This suggests that the iron bonds with the oxygen
in the 0-0 group thus masking its characteristic absorption.
More than one oxygen could bond to the iron and in this way
neighbouring molecules could, be linked together to give a
solid of higher molecular weight and greater insolubility.
Carbonyl groups which have not bonded to iron would remain
free to add on water, possibly by the mechanism proposed by
Schmidtj Boehm and Hofmann (1955, 1959) -

HoO

£ /01
=c 8% . = - |c<yH

qﬁarboxylate ion
This would result in the formation of a carboxylic acid, end
would account for the acidity of the solution obtained wi.th
the soluble portion of tire material and. for the appearance of
the carboxyl ate-ion absorptions in the infrared spectra.
fhe gonoral features of the spectra, v]len conpared with

those obtained by Smith, Young, Smith and Carter (1963) and

Blake, Eeles and Jennings (1964) for the thermal polymer of
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.imi lari ties between the polymers, the radiolytic polyin

does not have the six-rnernbered 1 .clone

thermal material. In particular, the intense absorption

at 1775 cm ~ attributed to / V by Blake, Eel os and Jennings,

ho

does not appear in the present studies, and it is concluded
that the radiolytic polymer has mainly a linear structure.
Unfortunately it has not yet been possible to collect suf-
ficient deposit with a nickel content for a comparative
infrared study. This Would have involved the utilisation of
the a-sounce, for many months in the 'bubbler' apparatus and
was impracticable. An alternative would have been to conduct
further Van de Graaff experiments but these were deliberately
avoided since they would have entailed using extremely toxic
Ni (CO)”* vapour in the reaction cell and ancillary equipment,
and there was the real danger that the cell window igight be
disrupted during radiolysis. An estimate of the quantity

of iron in the a-radiolytic solid can be obtained from the
intensity of the FcXcc signal given by the solid with the
dienens X-ray spectrome ter allachment. Fuchs (1966) vho
developed this instrument, gives a plot of the X-ray inten-
sities of FeKa signals against the known masses of iron

giving rise to these signals. The signal of 50 counts per
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minute (above the background count) for the FeKa radiation.
obtained from Fig. 24 corresponds to a mass of approximately
10513 of iron. The inserted, micrograph shows that about 70
particles were irradiated by the electron beam to give this
signal. If the particle density (g cm_3) is taken as unity

then the amount of iron in the solid, is calculated to be

about 18 per cent by weight or approximately . atomic per

cent. The percentage of iron in the solid is inversely pro—
portional to its density (g cm ) so any deviation from unity
would affect this figure considerably. It is more difficult

to make a good estimate of the nickel content of the solid
since the number of particles contributing to the signal' can
not be counted directly, due to the hygroscopic nature of
these particles. However, 1f the small area 'X1 in Fig. 25
is taken as being formed from one particle, then it is esti-
mated that 150-200 particles were irradiated to give the
signal observed in Fig. 25. Since this signal is about
three times greater than that for the iron, then, assuming
that the detection efficiency for KiKa radiation is similar
to that for FeKa: radiation, the amount of nickel in the solid
is calculated to be about 20 per cent. In view of the
assumptions which have been made, these analyses must be
regarded as semi-quantitative, but they show nevertheless
that the iron and nickel have been concentrated from a few

p.p.m. in the gas phase to sovcral per cent in the solid,
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6. Fae tors ACfoct?ny beposih Yields
(a) Effect of Metallic Carbonyls

Tlle results of the exporirnents ma.de wit h var ious
concentrations of metal carbonyls in the gas show clearly
that as. the carbonyl content is reduced the number of par-
ticles produced tends towards zero (fig. 23), This implies
a priori that the carbonyls are the source of the solid de-
posit. However, the results of other experiments show that
this is not the case. Firstly, the addition of excess metal
carbonyl does not produce the corresponding increase in yield
which would, be expected if carbonyl decomposition accounted,
for all of the solid obtained in these experiments. Secondly,
the radiolysis of pure metal carbonyls in an inert gas
(helium) produces vyield.s about three orders of magnitude
lower thail similar irradiations with CO containj.ng parts per
million of carbonyls. It seems unlikely that the different
energy absorption processes which will exist between these two
sets of experiments could cause such a discrepancy in the
yields of solids. The small yield that is obtained, from
the pure carbonyls is attributed to the secondary radiolysis
of CO formed by the action of the cx-partides on the car-
bonyls. Fairly strong evidence for degradation of .iron
carbonyl to. the metal and CO is afforded by the results of

experiment C, (3 .,. Fe(CO)- added to CO), one of the proton



experiments, which shoved s :rn.nds of magnetic particles -
presumably iron particles - were formed after the.normal
gas-phase deposition process had ceased. The iron can

only have arisen from the excess Fe (CO)~ present in this ex-
periment, In the cc-radiolytic experiments there is a linear
relationship between the deposit yield and the irradiation
time (dose). There is no deviation from linearity even at
the highest dose used (Fig. 19), indicating that there is
still sufficient iron carbonyl present at this stage to main-
tain a steady yield of solid. =« Calculation, based on a 20
per cent iron content for the solid, reveals that several
years irradiation would be required before the iron carbonyl
content of the CO would be used up in the in situ experiments.
The iron carbonyl obviously encourages the growth of deposit
particles since a reduction in the iron carbonyl content of
the CO - to values below 280 p.p.m.. - results in a decrease
in the yield of solid in the a~radiolytic experiments. The
visual observations made during the proton experiments, that
"smokes' formed faster in the reaction cell when excess iron
carbonyl was present, are consistent with this picture. The
iron (or some other product formed by the action of ionising
ra,diation on Fe (00) ©) appareiitly 1li.nIs tl* CO decor.iposition
products together as they form in the gas phase. The

infrared data acquired suggest tl]*at any such linkage occurs
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between the iron fird the carbonyl groups of the basic suboxide
units. the iron would thus effectively cause cross-linkage
between neighbouring molecules which would result in a faster
rate of growth of particles; these would have a higher
molecular weight, would have' fewer terminal end groups and
would be less soluble in water. This explanation fits the
ohserved ph.enomena.

Nickel is evidently less effective as a Inucleating'
agent since the particle densities (per e@g) from CO gas con-
taining Ni(CO)” only, drop by about 70 per cent (Fig. 22) and
are accompanied by a slight decrease in the average particle
size. The role of nickel has not been determined due to
the inability to collect sufficient deposit for analyses.
However, it would appear that either there Pure fewer of the
same type of bonds formed or that the nickel is bonded to the
organic part of the polymer in a different manner from the
iron. The iron and nickel analysis figures, although
.seni-quantitative, do indicate that there is as much nickel
incorporated into the solid as there is iron from respective
experiments. This evidence favours the suggestion that the
nickel is bonded to the molecule in a different way from iron.

() Effect of Oxygen

Fairly large amounts (~ 10 V/o of oxygen have been

shown to have little effect on the present a-radiolytic
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experiments other than to cause a slight decrease 1in the
deposit yields. however in practically all. of these experi-
ments the effect of oxygen is masked by the presence of metal
carbonyls in the gas. then the carbonyls are removed the
yield of solid tends towards, zero. This drastic reduction
in yield is undoubtedly due to the effect of oxygen which
becomes apparent in the absence of carbonyls. Anderson,
Best and billett (1966) showed that as little as 2 p.p.m.
?@C, ol oxygen were sufficient to cause a reduction in the
yield of solid in their proton and gamma irradiation ex-
periments. Low dose-rate experiments were particularly sen-
sitive to traces of oxygen. The present a-radiolytic ex-
periments were conducted at a dose-rate of about 200 times
less than their lowest dose-rate experiments and so would bo
expected to be very susceptible to traces of oxygen in the
system. The hot copper turnings used to remove oxygen from
the CO would not give gas of the required purity for oxygen
to have a negligible effect 'and therefore all the experiments
both in situ and in the external apparatus are potentially
susceptible to the effect of oxygen. The presence of metal
carbonyls 1in the gas apparently counteracts the reduction in
the yields obtained with oxygen impurity. The combined
effects of oxygen and metal carbonyls makes it difficult to

write a reaction sheeme for the formation of solid from CO



g7

radiolysis . Hovever , the follovin., steps are suggested to

be the main ones occurring in the experimentse

coO — QT + e ~> G+ + O

* e (1)
co - CO C o

The initial act must be the formation of ion pairs and ex-
cited CO molecules which can dissociate into carbon and oxygen
ions, or atoms. Unless there is a foreign molecule present
to deactivate the CO1l ion, reaction via CO1l is about twice as
frequent as that via COX-(Stewart and Bowlden, 1I960). if
sufficient energy is transferred to the CO‘' ion and becomes
associated with the C-0 stretching- vibration, then the ion
may dissociate directly into carbon and oxygen. Alternatively
the reaction, CO + CO = C t COo may occur if the CO1 ion is
sufficiently excited (llirschfelder and Taylor, 1938),
Lorquet (1960) made a mass spectrometrie study of CO and found
that the principal ions formed are CO’, C' and O', in the
ratio 94:4:2. Briggs and Clay (1968) give chemical evidence
for the formation of oxygen atoms in the gamma radiolysis of
CO.

In the present experiments it is probable that the metal
carbonyls are dissociated to the metal and CO on absorption

of energy. It is noteworthy that Vinters and Kiser (1964),

in tlieir nass spectrometric.inves 7igatious , fo1hd the most



abundant ion formed, from He (CO)r is He'’, whereas with
Hi (CO) the most dominant ion epro-dueed is HiCO ‘' in which
the nickel is bonded to the carbon atom. If the sane
ionic species are formed in the present experiments, then
it seems possible that the nickel, in the solids from CO
containing Hi (CO)” impurity, is bonded to the carbon atoms
rather than o the oxygen atoms as is evidently the case
with the iron-containing solids. Numerous substituted com-
pounds of both nickel and iron carbonyl are known.

The carbon and oxygen atoms formed by (i) above may

react as follows:

co+ 0 = CoOo R )
Cco (metal carbonyls)

C 4 CoO *= 090 > C~00 —————— - v polymer

.(3)

In the absence of oxygen impurity, COo and polymer may be
produced by reactions (2) and. (3. The presence of oxygen
impurity will favour the formation of COO0, probably,by the
chain mechanism suggested by Clay, Johnson and Harman (1963),
and the vyield, of solid will fail. These authors did not
detect any carbon-containing products other than C0Q when

the oxygen content exceeded 0*1 per cent in their experiments
Lind and Bardwell (1925) also found that the c¢;-rndiolysis of
CO in the presence of oxygen failed to produce a solid R

product. Any solid particles which are formed in the presort
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experiments where oOXygen is present and metal carbonyl is
absent, do not apparently attain a sufficiently high growth
rate which will allow thorn to settle out on to the specimen
grid and they are lost to the system. The presence of
metal carbonyls seems to enhance the growth, rate by link-
ing the polymer molecules together to such an extent that
sedimentation occurs.

The low dose-rate (*5 x 107? eV sec ™' within the
volume of the cc-source) and large volume (10 litres) of gas
used in the cc-irradiati ons results in a <0-01 per cent de-
composition of CO and any effect which COo might have on the
radiolysis - for example, charge transfer or back reaction
with products - can bo neglected. The amount of solid which
was obtained in the proton work, however, was largely depen-
dent upon the oxygen content in the CO and the accumulation
of COo within the small wvolume of the reaction cell.

(0) C Value for Formation of Solid

I
Baird, Dawson and Feates (1965) obtained a value
of & (solid atoms) = 10 from the early results of the
present work. The effects of metal carbonyls on the a-

radiolysis of CO were not known at that time and the solid
was assumed to have the stoichiometric formula (CéLz)n.

Re-calculation, allowing for the . atomic per cent of iron

estimated to be present in the solid, and. making the same



assumptions as before (particles spherical with a density
of 1 g cm-3) indicates that about 30 X 101! atoms (mean
atomic weight - 130) are incorporated into the solid each
second. The dosimetry measurements give the dose-rate as
5 x IO]2 eV sec_l, thus about 7 atoms are incorporated into
the solid for every 100 eV of energy absorbed by tne gas,
that is & (solid atoms) = 7 for solid produced in situ.

This value is derived from line (a) in Fig, 22 (iron car-

bonyl and oxygen present in the system). Similar con-
siderations applied to line (b) (nickel carbonyl and oxygen
present in the gas) gives G (solid atoms) — 2. As the

carbonyl content is further reduced the yields of solid

fall due to the increasing effect of oxygen and the G

(solid atom) wvalues consequently tend to zero. Anderson,
Best and Villett (1966) obtained a mean value of G (-CO) = 8
for the initial disappearance of GO in the absence of oxygen.

Taking the stoichiometry as gnCO nCOvx + (CgOE)n th}s gives

2
G (solid atoms) = 10. The good agreement between this
value and the present one of G (solid atoms) = 7 in the

presence of oxygen impurity, might infer that iron carbonyl
efficiently reduces the inhibiting effect of. oxygen on the
formation of solid. However, in view of the many a,ssump-
tions made in deriving this wvalue, the agreement may well

be fortuitous, particularly since the dosimetry calculations
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do not allow for aiiy possible ef fects wviiich iron carTonyl
may have, on the energy absorption processes. Barzynski
(1968) and Barzynski, Ilentz and Burton (1965) have indeed
shown that iron and nickel carbonyls can act as effective
energy acceptors in thc ga.rama-radiolys is of certain hydro-
carbons which have greater ionisation potentials than the
metal carbonyls. Carbon monoxide has a higher ionisation
potential (id eY) than either iron or nickel carbonyl and
yet it has been found that the effect of the presence of
carbonyls is to enhance the decomposition. of CO rather than
to retard deconposition by charge transfer. To explain
these results it was suggested earlier that iron carbonyl
caused faster aggregation of growing particles by chemically
combining with them. The role ofiron carbonyl may be
more complex. It is suggested here that iron carbonyl may
deactivate, by charge transfer, one or more of the ionic
sgﬁcies formed in the initiation or propagation steps in
thg chain mechanism postulated byClay, Johnson and barman
(1963) for the formation of CO0” bythe radiolysis of CO in
the presence of oxygen. In this way the inhibiting effect
of oxygen on the formation of solid would be counteracted.
These authors did in fact find that small amounts of im-
purities, such as mercury, carbon dioxide and certain inert
gases, considerably reduced the & (COo) values in their

experiments.
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7. Dopos ition in the Prosonce of Cnngdiite
(a) Go?oral Collsjdcrations

In order to use the silver decoration counts as
a reference it vas found necessary to ’'decorate’ the throe
types of graphite simultaneously, as it vas found that the
counts varied vith the experimental conditions wused. The
particle counts are particularly susceptible to variations
in the weight of silver evaporated and to the time and tem-
perature of heating allowed to induce mobility of the silver.
The condition of the graphite surface is also of paramount
importance and recent work (Baird, Fryer and Valker, 1969)
shows that areas of graphite which have been previously
examined in the electron microscope will not decorate under
the conditions used in the present work, due to the thin
contaminating- layer which forms on the surface by inter-
action between the electron beam.and residual o0il vapours.
This finding may account for some of the anomalous results
in the present work; these were 1largely eliminated by making
a large number of measurements. The 2:1 ratio of particle
counts between the PGA and SPI graphite samples agrees well
with the ratio found by Adamson (1966) and reflects the differ-
ent surface properties of these graphites,

(b) Surface Deposits
The results of the experiments in which CO was

irradiated in the presence of graphite within the irradiated



volume of the a-source show clearly that two distinct
types of deposit are formed; there is the usual gas- phase
deposit, the nature of v'hich has already been discussed and
o
a second material composed'o" particles of about 30 A dia-
meter * Particle count measurements and other evidence de-
scribed earlier indicate that the fine, particulate material
is formed on the surface rather than in the gas phase and
this supports the similar suggestion made by Adamson, Dawson,
Feates and Sach (1966) . TIlis surface material has been
shovn to behave in a similar manner to the iron-free
(nickel-containing) deposits produced in situ in the gas
phase and nickel has been found to be a constituent of the
surface material. It would appear then that the process
which produces solid less favourably in the gas phase -
nickel containing solids obtained only on removal of iron
carbonyl - is the preferred one for the formation of a
surface deposit,
I

8. Future Work

Iron and nickel carbonyls have been shown to exert a
pronounced influence on the radiolysis of carbon monoxide.
It is evident that more detailed information about the
nature and composition of the solids produced can be obtained

only if larger quantities of the deposits can be collected

for subsequent analyses. Sufficient material could probably
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be obtained using the high dose-rates available with the
proton '/an de Craaff accelerator, 4 eontiinious gas-1'1oV
svs bem would probably be required in order to avoid ac-
cumulation of carbon dioxide which would inhibit the de-
cornposition process. Alternatively a static systern could
be employed with a substance added to absorb any carbon di-
oxide produced during radiolysis. Increased yields of
solid might also be obtained by using carbon monoxide of
very low oxygen concentration, The nature of the bonding
of the metals in the solid polymers might-be further eluci-
dated by studying the solids produced by the radiolysis of
carbon monoxide in the presence of various other metal
carbonyls, for example, cobalt octacarbonyl, COe(CO)?,
molybdenum bexaearbonyl, No (CO)** The suggestion that a
charge transfer process was responsible for the apparent
inactivity of nickel carbonyl when iron carbonyl was present
could also be investigated further by performing a series

t
of experiments- on the radiolysis of carbon monoxide in the
presence of metal carbonyls of different ionisation potential
Further experiments within the electron microscope would be
limited mainly to studies of the physical nature of the

solids.



223

p uTE'Ri?T7MP120

Adamson, I.Y.R., (1966), Ph.D. Thesis, Glasgow University.

Adamson, 1.Y.R,, Dawson, I.M., Feates, F .S5. and Sach, R.S,,
(1966), Carbon, 3 393.

American Society for Testing and Materials, (1963),
Symposium on X-ray and Electron Probe Microanalysis,
S.T.P. No, 349.

Anderson, A.R., Best, J.V.F. and Willett, M.J., (1966) ,
Trans. Faraday Soc., 62, 595.

Anderson, A,R,, Davidson, H.W., Lind, R ., Stranks, D.R.,
Tyzack, C,, and Wright, J», (1950), 2nd, Conf. on

Peaceful uses of Atomic Energy, 335.

Back, R.A. and Miller, N., (1959), Trans. Faraday Soc.,
55, 911.
Baird, T ., and Dawson, I.M., (1963), unpublished work.
Baird, T., Dawson, I.M., and Feates, F.S., (1965),
?'L A.E.R.E. R-4837. *

Baird, T,, Dawson, I.M., and Wood, C.A.,

Contribution to Libby/Cockroft Meeting, Hanford,

Baird, T,, Fryer, J.R., and Walker, D.I., (1969) ~.

unpublished vork»



Barzynski, K«F*, Hentz , R.R,, and Burton, M., (1965)

J. Phys o Chem £, 69,, 2034.

Barzynski, H.F,, and Hummel, D., (1963), Ss. physik* Chem.,
38» i03.
Bassett, G.A., (1958), Phil. Mag., 33, 1042.

Bassett, G.A., (i960), Proc. Eur. Conf. Electron Microscopy,

Delft, 1, 270,

Bassett, G.A., Menter, J.W., and Pashley, D.W., (1959),
Disc. Faraday Soc,, 28, 7«

Best, J.V.F., (1968), Private communication.

Bethe, H.A., and Ashkin, J., (1952), "Experimental Nuclear

Physics, (ed. Segre), Wiley, New York, 167.
Birks, L.S., (i960), Anal. Chera,, 32, No. 9, 19A.
Birks, L,S«, (1963), "Electron Probe Microanalysis",

Interscience, New York.

Blake, A ,R,, Eeles, W.T., and Jennings, P.P., (1964) ,

Trans. Faraday Soc., 60, 691.

Bradley, D.E., (1954), Brit. J. Appl. Phys., 5, 65.
Brenner, S., and Horne, R.W., (1959), Biochim. biophys.

Acta., 23, 103.

Briggs, J.P., and Cle.y, PCG., (1968), Nature, 217, 947.

Brodie, B.C., (1873), Proc. Roy. Soc., 21, 245.



Cameron, A.T., and Ramsay, (1908), J, Chem. Soc,

93, 966.
Chamberlain, A,C,, (1968), Private communication.
Clark, T.J., (i960), Hanford Report, HW-63855.

Clay, POG., Johnson, G.R.A., and Warman, J*M,, (1963)s
Disc. Faraday Soc., 36, 46,

Cope stake, T.B., Da/vidson, H.W., and Tonge, B.L., (1959),
J. Appl. Chem., 9, 74.

Corney, N.S., and Copestake, T.B., (1962), GOB,C, Report
No. 14,157C »

Cosslett, V.E., (1951), "Practical Electron Microscopy",
Butterworths, London.

Crespi, M., and Lunt, R.Y,, (1925), J. Chem. Soc., 127. ?

Davidge, P.C., and Marsh, ¥.R., (1955), AERE R-1374,

Dondes, S., Harteck, P., and von Weyssenhoff, H., (1964),

Z. Naturforsch., 19a, 13.

Dorfman, L.M., and Wahl, A.C., (1959), Radiation Researct
10, 680.
Dunning, W.J., (i960) , Disc. Faraday Soc., 30, 9.

Faltings, K., Groth, W,, and Harteck, P., (1938), Z. phy.£
Chem., 41B, 15.
Feates, F.S., and Sach, R.S., (1965), Carbon, 3, 261.

Flory, D.A., (1963), Nucleonics, 21, No. 12, 50.



228

Forehioni, A., and Willis, C., (1968), J, Phys. Chem,,

72, 3105.

Fuchs, E., (1966), Rev, Sci, Instr., 3jf, 623,

Garratt, A ,P., and Thompson, H , (1934), J, Chem. See.,
2, 1817.

General Electric Co, Ltd., (1962), Div. Report No, 8363/C,

General Electric Co, Ltd., (1963), Div. Report No, 8526/C.

Green, M.L., and Lane, W.R/, (1957), "Particulate Clouds;
Dusts, Smokes and Mists", Spon. London,

Groth, ¥., Passara, Y., and Rommel, H.J., (1962), Z. physik.
Chem., 32, 192.

Hall, G.E., (1953), "Introduction to Electron Microscopy",
MeGraw—Hill, New York.

Harteck, P., and Donrles, 8S., (1955), J. Chem. Phys, 23, 0902.

Harteck, P., and Dondes, S., (1957), J. Chem. Phys., 26, 1727.

Heidenreich, R.I)., (1964), "Fundamentals of Transmission
Electron Microscopy", Interscience, New York.

Heisig, G.R., (1931), J. Amer. Chem. Soc., 53, 3245, 4460.

Hei sig, G.B., (1932a), J. Amer . Chem. Soc., 54, 2328,

Hei sigqg, (1932b), J. Phys ¢ Chem., 36, 1000.

Heisig, G.B., (1933), J . Amer. Chem. Soc., 55, 2304.

Heisig, G.B., (1935), J. Phys. Chem., 39, 1067®

Heisig, G.B., (1939), J. Phys. Chem., 43, 1207.



Hennig, GCB¥*, (1965), 2nd Ind. Conf 0 Carbon and Graphite*

Hennig, -G.E., (1966), Chem. and Phys. of Carbon, 2, 1.

Henri, V.P., Maximll, C.R., White, W.C«, and Peterson, De
(1952), J. Phys. Chem., 56, 153.

Hirsch, P .B., Howie, A., Nicholson, R.B., Pashley, D.W.,
and Whelan, M.J., (1965), "Electron Microscopy of
Thin Crystals", Butterworths, London.

Hirschfelder, J.0,, and Taylor, H.S., (1938), J . Chem.
Phys., 6, 783.

Holliday, B., (.1963), Private communication.

Honig, R.E., and Sheppard, C.W., (1946), J . Phys. Chem.,
50, 1190

Hudswell, P., (1961), A.E.R.E. R-3663.

Junge, C.E., (1963), "Air Chemistry and Reactivity”,
Academic Press, New York.

Kay, D.H., (1965), "Techniques for Electron Microscopy",
2nd Ed., Blackwell Scientific Publications Ltd,,
Oxford.

Klemenc, A,, and Wagner, G«, (1938), Z. Anorg. und Allgem
Chem., 239, 1.

Labaton, V.Y., (1965), Private communication.

Lind, R., (1966), Private communication.



Lind, S,C., (1961), "Radiation Chemistry of Gase ' j
A.C.S. Monograph No, 151, Reinhold, New York.

Lind, S.C., and Bardwell, 13.0,, (1924), Science, 60, 364.

Lind, S.C., and Bardwell, D oc,, (1925) , J* Amer. Chem. Soc.
472 2675.

Lind, S.Co, and Bardwell, DO0GO, (1926), J. Amer, Chem. Soc.
4JL 2335 .

Lind, SO0Ce, Bardwell, J).Ce, and Perry, JO0H«, (1926),
JO0 Amer® Chem,, Soccp 48>, 1556 e

Lind, R., and Wright, Jc¢, (1963), Jo Brit® NucleEn. Soc,,
2, 287.

Lorquet, J.C., (i960), J, Chim. Phys., 57, 1078.

Marsh, W.R., and Wright, J5&3, (1964), A*E,R.E. R-4198.

Moseley, H.GCEf (1913), Phil. Mag., 26, 1024.

Mund, W., and Koch, ¥., (1925), Bull. Soc. chim. Belg.p
34, 121 *
Mund, and Koch, Y., (1926), J. Phys. Cheme} 3j0, 289.

Mund, Y¥., and Rosenblum, C., (1937), J. Phys. Chem., 41, 469

Newitt, P.M., (1940), "The Design of High Pressure Plant
and the Properties of Pluids at High Pressures",
Clarendon Press, Oxford, 20,

ott, E ., (1925), Her,, 58, 772.



231

Pearson, R.G., Basolo? P., Day, Jj?s, Kangas, L.F., and
Henry, P.M., (1968), J. Amer, Chem, Soc,, 90, 1925,

Porte, A.L., (1969), Private communication,

Beimer, L,s (1965), Proc, Symp, on "Quantitative Electron
Microscopy", (ed, Bahr and Zeitler), 1082,

Royerson, L«H#, and Kobe, K#, (1930), Chem, Revs,, 7, 479%*

Rosenblum, C,, (1937), J, Phys, Chemc, 41, 651®

Rosenblum, C,? (1948), J, Phys, Chem,, 52, 474«

Rudolph, PO0OS,, oid Lind, S.C., (1960a), J, Chem, Phys.p
31, 705®

Rudolph, P.S,, and Lind, S.C., (1960b), J. Chem, Phys,,
2?., 1572.

Ryan, B.A., (1963), Hanford Report, HW-67241#

Schmidt, L O, Boehm, H.P., and Hofmann, U., (1955),
Z. Anorg, und Allgem. Chem., 282, 241.

Schmidt, L., Boehm, H.P., and Hofmann, U,, (1959), Proc.
3rd. Carbon Conf,, Pergamon, London, 235,

Smith, N.R., Young, D.A., Smith, E.N., and Carter, C.C.,
(1963), Inorg. Chem., 2.(4), 829»

Stewart, A.C., and Bovlden, H.J., (i960), J, Phys. Chem,,
64, 212.

Tingey, G.L., quoted by Ryan (1963),

Vile sov, P.I,, and Kurbatov, B.L., (1963.) , Dokl, Akad.

Nauk SSSR, 140, 1364,



~ 232 -

Waber, J*T#l and Wright, S.S., (1961), "The Metal
Plutonium", (ed. Coffinberry and Miner), Univ. of
Chicago Press, 196.

Watson, J.H.L.p Vanpee, M., and Lind, S.C., (1950),
J. Phys. Coll. Chem., 54, 391.

Winters, R.E., and Kiser, R OW,, (1964) f Inorg. Chem.,
I1» 690.

Woodley, R.E., (1954), Hanford Report, HW-31929.

Woodley, R.E., (1955), Hanford Report, HW-40142.

Wourtzel, E.E., (1919), Le Radium, 11, 346.

Wright, P., (1967), Private communication.



