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ABSTRACT

X-ray photoelectron spectroscopy (ESCA) has been used to
investigate the surface chemistry of a variety of elastomefs,
as a function of cure conditions.

The surface composition of thickness on a depth scale in
the range < 50R depends on the cure conditions and the bulk
formulations of polyisoprene (Natsyn 2200), styrene/butadiene
(Solprene 1204) and acrylonitrile/butadiene (Krynac 34/50)
elastomers. 1In all cases, higher 1evelé of antioxidant and
accelerators have been detected at the surface than in the
bulk, whilst the level of zinc for Natsyn 2200 and Solprene
1204 systems increases with ESCA depth profile into the bulk.
The samples of Krynac 34/50 indicated higher levels éf zinc
and cadmium in the surface regions and, in one case, the level
of zinc at the surface is approximately the same as in the bulk.
Zinc and cadmium in the surface regions are predominantly
présent as sulphides. A use of the 'swelling' data has been
made, in conjunction with the ESCA data, to estimate the
sulphur functionality. B

Particular emphasis has been nlaced on the elaboration
of surface crosslink functionality, using inductively counled
radio~frequency glow discharges, excited in oxygen and hydrdgen.
Model studies to establish the changes in surface chemistry
as a function of reaction time in plasmas have been carrried
out in conjunction with the type 1, Natsyn 2200, elastomers.
The results show that the reactions with oxvgen and hydrogen
plasmas are by no means simple. Modification by the oxygen

containing plasmas is extensive but confined to the outermost



monolayer or so. The rate and extent of oxidation is a
strong function of the initial surface chemistry of the
sampnles. The level of sulphur in di- and trisulohide models
is essentially the same before and after oxygen plasma
treatments and the tetrasulphide model indicated a loss of
sulvhur by a factor of two. The optimum cured type 1, Natsyn
2200, sample did not indicate any tendency for a loss of
sulphur under comparable conditions. For hydrogen nlasmas,
the level of sulphur in a disulnhide model system rcmains
essentially the same, whereas the trisulphide model and the
type 1, Nafsyn 2200 systems indicated a loss of sulphur.

A thermal oxidation study has also been carried out on
the optimum cured type 1, Natsyn 2200, elastomers and the
results are complementary in some respects to oxygen plasmé
treatments.

Finally, the 'sulvhur-vulcanised' elastomers have been
treated with the thiol-amine reagents for determining the
relative provortion of mono-, di- and Dolysulphide Cross-—

links but the results are additionally comnlicatced by the
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CHAPTER ONE

THE CHEMISTRY OF ELASTOMERS




1.1 Introduction

Elastomers have been known for several centuries, but
it was only in the early 1800's that the materials gained
universal acceptance after the discovery of the vulcanisation
process by Goodyear and Hancock.1 The rubbers were mainly
used for domestic purposes such as water-proofing and foot-
wear, etc. However, it was never considered to be entirely
satisfactory. The rubber had a tendency to melt in the
summer, freeze hard in the winter, and develop offensive
odours over a relatively short period of time.

(Vulcanisation is a process by which the elastomeric materials
are generally prepared. The resulting elastomers retract
forcibly to their approximately original lencoth after applied
force.)

The rubber materials, developed from the formulation of
Goodyear and llancock, werc far from optimum propertics that
large amounts of sulphur and relatively long curing times
were needed. Over-vulcanisation, which results in a marked

deterioration of physical properties, was a serious problem.

fﬂé vuiééﬁiéé£eusere highiy coloﬁréd; é}éhérfo sulphuf
blooming (diffusion of sulphur to the surface), and exhibited
poor age resistance. Apart from the many different sulphidic
crosslinks, the vulcanisates contained a large proportion of
main chain modifications such as a cyclic sulphide, conjugated
unsaturation, a cis/trans isomerisation of the double bond.
The next break-through in the subject of vulcanisation
chemistry came with the discovery of organic accelerators in

2
the early 1900's. Apart from the increased rate of




ra

vulcanisation, the use of organic acceleratoirs allowed the
vulcanisation temperature to be lowered and the cure times
to be reduced. Consequently, the possibility of thermal and
oxidative degradation was minimised. Furthermore, the level
of sulphur could be reduced, whilst retaining the optimum
physical properties of the vulcanisates. This resulted in a
reduction of sulphur blooming and far superior aging
properties, compared to the vulcanisates of Goodyear and
Hancock formulation. In terms of network features, fhe network
derived from accelerated sulphur vulcanisation was found to
be far simplér,than obtained with only sulphur. It has now
been recognised that the chemistry of sulphur vulcanisation
is very cbmplex.

Three major classes of accelerators were developed after
the First World War and, are still used extensively.2 These
may be classed as: (i) the wvulcanising agent -~ usually
sulphur but sometimes a 'sulvhur donor' such as a tetra-
alkylthiuram disulphide, or dithiobismorpholine; (ii) organic
accelerators of vulcanisation - these are generally derivatives
of 2-mercaptobenzothiazole, or dialkyldithiocarbamic acids;
(iii) activators of wvulcanisation - these include metal oxides
(zinc oxide), the higher fatty acids, ana nitrogen bases.

The structures of these classes are shown in Table 1.1.

A history of successive modifications and improvements
of the method of curing natural rubber have brought to a
high degree of refinement and versatility, whereby the natural
rubber and some other synthetic rubbers (Table 1.2) can be

vulcanised in various forms at temperatures ranging from



Table 1.1

Organic accelerator

S
i |
RZNCSSENR2 Tetra-alkylthiuram disulphide

0

0 NSSN

_/

Dithiobismorpholine

g

N
N\ |
C-SH 2-Mercaptobenzothiazole
i
RZNCSH Dialkyldithiocarbamic acid

Table 1.2

Sulphur vulcanisable elastomers

CH3
-(CH2—C=CH-CH2-}n Natural rubber
-(»CHZ--Cl-I:CH—CHZ-)-n Polybutadienc
%CHZ—CH=CH—CH2+H+CH2—CH}m Styrene-butadiene rubber

4CH.,~CH=CH-CH.»—CH.,-CH}  Nitrile rubber
2 2'n 2 I m
' CN

S



ambient to 200°C. The vulcanisation is effective in the
presence of many compounding ingredients such as organic
accelerators, zinc oxide, stearic acid and sulphur, which.have
been incorporated into the Natsyn 2200 (polyisoprene) substrate
for a study in this thesis. A conventional high sulphur -

low accelerator system produces a high percentage of poly-
sulphide crosslinks, which imparts excellent strenath and
fatique properties at the expense of resistance to compression
set, cure reversion, and thermal and oxidative aging (chapter
eight). Efficient vulcanising (EV)_systemé using high
accelerator to sulphur ratios (or sulphur donors) yield
networks with mainly mono- or disulphide crosslinks possessing
a greater resistance to cure reversion aginag but inferior

2 . .
! A satisfactory compromise between

strength properties.
these features can usually be arranged and, the so called
semi-EV systems are currently becoming more popular.

The characteristic changes in physical properties during
vulcanisation are known, due to the covalent interlinking of
the polymer chains. After the preparation of the rubber
'mix', just prior to vulcanisation, these chains form a mesh ~
of randomly coiled structure, entangled and interwined but
chemically discrete. Consequently, deformation of this mesh
leads to a slow disentanglement and a partial alignment of
the molecules and also to a fairly degree of plastic flow but
only with a very limited elastic recovery, when the deforming
force is removed. During vulcanisation, the individual chains

are crosslinked to form a three dimensional network, in which,

some molecular alignment on deformation is still possible but



being resistant to lateral movement and disentanglement.

A rapid and a nearly complete elastic recovery is, therefore,
obtained on removal of the deforming force. The concentration
of intermolecular crosslinks required to form such a network
is relatively small. The main reason for this rather low
value is that the chain entanglements present in the
unvulcanised rubber become trapved when the polymer molecules
are crosslinked and, hence, contribute to the elastic
proverties of the network, thus, greatly enhancing the effect
of the actual crosslinks. However, this feature makes
difficult for the determination of chemical crosslink density,
which is essential for any structural analysis of the network
in chemical terms. The estimates of the crosslink density

can be treated as approximate only, although their relative

accuracy may be quite high.

1.2 Structure of Sulphur Vulcanisates

The application of analytical methods (:nfrared, ultra-

. . 2
violet, and nuclear magnetic resonance spectroscopy)lO6'107'llSi 7

combined with. _chemical methgdsgl’??:?j

to a variety of
accelerated-sulphur curing systems has shown that the
generalised structural features of a natural vulcanisate
network is as depicted in Figqure 1.1 for the two extreme

types of curing systems. Both A and B systems form networks
of the same type at the very initial stage of cure, containing
accelerator-terminated pendent groups and relatively few

crosslinks, which are mainly polysulphides. As the curing

time is increased, the rubber chains become modified by



Initial networks

Sy X
! Sy I
X S«
A Increasing 8
cure
time
I I I s I [ s- sj : ] s

s s, Se

b
|
)J'V\lf\ll\:v\lv X ~/‘VL\
\/\\’\/V‘L PN AN

Final nctworks

Figure 1.1. Schematic representation of the network structure
on vulcanisation conditions. A: hiagh
[accelerator/sulphur]; B: low [accelerator/
sulphur] (X = accelerator residue; x > 3).

cyclic mono- and disulphide groups, by'acceleraEb£¥terminated

pendent groups and by conjugated diene groups. System A with

a high effective concentration of accelerator relative to

-sulphur, eventually leads to a simple network structure with

a high proportion of monosulphide crosslinks and a number of
residual pendent groups. The network structure derived from
system B is more complex than system A, Polysulphide cross-
links are replacedbprogressively by mono- and disulphidc

crosslinks, and the main chains become more and more modified




by olefinic and sulphur-containing groups. The effect of
increasing the cure temperature, apart from inducing changes
egquivalent to increasing the cure time, causes the type A to
behave more like system B. The vulcanised structure depends
markedly on the accelerator-sulphur ratio, which are, in turn,
reflected in changes of physical properties and aging

behaviour.2’3'3Ol

1.3 Chemistry of Vulcanisation

Although natural rubber has been the oldest polymer known
and extensively exploited commercially, the mechanism of sulphur
vulcanisation is not yet fully understood. A knowledge of
the mechanism has been exclusively derived from studies of
the sulphuration of model olefins,31 resembling the structure
of polymer chains. The nature of the products produced from
reactions of sulphur with olefins is a function of temperature,
the structure of olefins and vulcanising ingredients.

1.3.1 Unaccelerated sulphur vulcanisation

The chemistry of unaccelerated vulcanisation is yet

... .- _uncertain. The reactions of sulphur with olefins below lBOéC,V
are extremely slow leading to a variety of products. The
literature indicates that free—radicals4— and ion58 are

involved, as are shown in sgbemes 1 and 2.

T%ﬁ postulation of tgg cyclic persulphonium intermediates
3

3
I ' .
~CH,-C-CH-CH.»~ and ~CH,-C-CH~CH.,~» was necessary to explain the
2 N, 2 2 Ty
\SI
I

?X
R

fact that models gave both unsaturation products with sulphur

atoms connected to secondary and tertiary carbon atoms.



Scheme 1

CH, s’ LS 3 it
~CHC=CH~ ——> ~CH-C=CHv + HS, ——> -~ CH-C=Ci~
S*
X
T3
~ CH-C=CH~
>C=C< s ! s T
=" ~CH-C=CH~ H ~CH-C=CH + ~CH-C=CH~
5 S
>C-C« >CH-C«<
Scheme 2
CH
|3 CH
. _ ~CH,-C=CH-CIL,~ 3
R-S =S -R —— RS, + RS, > Cily=C-ClI-Cll
\S’
!
Tx
R
i
~ CH,~C=CH-CH~ CH CH
H transfer | 3 3 ’
> ~CH-C-CH,-CH + ~CH,-C-CH-CH~
A 27
S
[ X
——— —- - - .- - . R
s, CH Cil
—%5 ~CH-C-CH=CH~ + ~CHyC=CH-CH~
2+ |+
S
X X
+ +
(RS ) (RS )

1.3.2 Accelerated sulpvhur vulcanisation

Sulphuration of olefins in the presence of accelerator-



9

activator systems proceeds much more rapidly than when sulphur
alone is used, and leads to simpler products. The most

widely accepted explanation for the mechanism of accelerated

9
sulphur vulcanisation r 10,11 may be summarised, as follows:
(a) Reaction of accelerator and activator
Scheme 3
L
XSH : 4
xssx b0 5 yegngx —kigand (D)o yoViox  (1.1)
RCOOH N
XSNR
2 L
\Nl/
L = N or O of Zn{OCOR)

- - 2

S /\/N

X = Me NC- Cc-, etc.
l\/“\S/

The accelerator reacts with zinc activators to form a

zinc thiolate, made soluble by complexing with oprimary or
. . 12- .

secondary amines or with zinc carboxylates. 2-18 The zinc

carboxylate results from the excess of zinc oxide and

carboxyllc ac1d present in the vulcanlslnq qystem.lg’Zl’22
(b) Reaction oflégé;21é; accelerator éomplo _w}kﬁwgulphﬁf
Scheme 4
XSZnSX + Sg pm——— XSS, ZnS; SX (1.2)
5, —2MINe, ggesgsss’ (1.3)

8

The zinc perthiolate complexes are thoucght to be formed

in a series of equilibrium reactions, which lie well on the

23-25

side of the thiolate complex. The average values of a and



10

b are, therefore, devendent on the relative concentrations of
reactive sulphur and soluble zinc complex. The cleavage of
cyclooctasulphur by nitrogen base should result in more. |
formation of zinc perthiolate complex than elemental sulphur.26—29
Consequently, a high ratio of accelerator/sulphur implies
low values of a and b in (1.2) and which, in turn, short
sulphide crosslinks are produced at all stages of the
subsequent sulphuration. Con?ersely, a low ratio of
accelerator: sulphur implies more polysulphide crosslinks.
In the tetramethylthiuram disulphide-zinc oxide
vulcanising system, where there is no free sulphur, the
zinc perthiolate complex is formed by interchange reactions
between tetramethylthiufam polysulphides and zinc dimethyl-
dithiocarbamate, which are formed in a rapid ionic reaction,

illustrated in scheme 5. Further reaction of the thiuram

trisulphide with zinc oxide leads to higher thiuram poly-

Scheme 5

2+ 2- lsm lsl 2+ _ lsl _ |S|

,_,Zn-,—,-,OY‘.?Sf-S:?% TTTZnoo-0-C + SS-¢ (1.4)
NMe2 NMe2 NMe NMe

S S S S <

i =N Il il Il ~

cI:—s—s SI—S—C-NMez — (I:—s—s—s—clz + s-c—NMe2 (1.5)

NMe2 $=S NMe2 NMe2
NMe2

sulphides and, eventually, molecular sulphur. The interchange

reaction, viewed in (1.6) leads to smaller values of a and

b in the zinc perthiolate complex, and, hence, form short




sulphide crosslinks by feeding to the olefins.

Me,NC(S)S, (S)CNMe, + ZDMDC ——— TMTD + Me NC(S)S_-7Zn~ (1.6)

'SbC(S)NMez

The other main type of sulphur donor is from morpholine,
normally used in conjunction with an accelerator of the
sulphenamide since the action is relatively slow, when used
alone.

(c) Formation of the rubber-bound intcrmediate

It is now generally accepted that the preccursor to the
formation of crosslinks in accelerated sulphur vulcanisation

10,32,33

is the rubber-bound intermediate, althouch, the

!
X (X = accelerator fraagment)

mcechanism for the formation of the intermediate is still
subject to argument. The Natural Rubber Producers' Rescarch
.fAssociation,(NRPRA)3l.gerp suggest a polar, largcly concerted,
mechanism (scheme 6) via a cyclic transition for the reaction
between the active sulphurating agent in (1.6) and olefin

or olefinic rubber, RH (where H is an oa-methylenic or a-methylic

hydrogen atom). The essential features of the mechanism
Scheme 6

L L
¥ +

//Mp_q n=gs

xs—s::,ll \.cb-x -> XS=S /( X (r.7)

¢ /) \

!




involve a nucleophilic attack of a perthiolate ion on the
allylic carbon atom, thus forming a rubber-bound intermediate,
together with concomitant displacement hydrogen as an
'incipient hydride ion' and the formation of zinc sulphide.
Bateman and his co—workers31 argued that the coordination of
electron donating ligands such as aﬁines or fatty acids to
the zinc atom increases the electron density on the terminal
sulphur (XS) moieties of the sulphurating agent, which, in
turn, facilitates the C-S bond formaticn by increasing the
nucleophilicity of the attacking (XSSa)-qroup, but hinders
the cleavage C-H bond by reducing the electrophilicity of
the receiving Xsb group.

The above mechanism is inconsistent with less substituted
olefins,34 where allylic rearrangement and cis/trans-
isomerisation of the double bonds occur to a larue extent
during sulphuration that a free allylic ion or radical is
probably involved. However, these isomerisations can,
alternatively, be explained by considering thermal
rearrangements;35’36 which, with sulphides of suitable
séructure may lead to allylié rearrangement as well as to

cis/trans-isomerisation and racemisation.

PN /\//\

7

~ 7 — (1.8)
S-—? S=8
|
R R
The rubber bound intermediate is converted into crosslinks
by two reaction pathways; namely, a simple disproportionation

(1.9) either catalysed by a zinc-accelerator-thiolate

®



,_.
(9]

>
complex 0,37 or other nucleophile, or effected by a thermal
free radical chain reaction and, the other route involves one
molecule of rubber-bound intermediate (RSaSX) and one

molecule of olefin which could proceed via exchange of RSaSX

with zinc complex in (l1.1l). The crosslinks formed at the
Scheme 7

2RS_.8X —> RS _R + XS8.S .SX {(1.9)

a X 2a-x
¢

RSaSX + XSSaZn.SbSX —_— RSa.Zn.Sb.SX + XS.Sa.SX(l.lO)
L
¥
Zn-S i

RS} /_}be —> RS_R + HSy X + Zn=8 (1.11)
R—H

very short cure time are generally polysulplide in nature.
- The HSbX species produced in (1.7) and (1.11) react with

zinc oxide, forminog fresh sulphurating zinc comnlex:

ZXSbH + Zn —— XSb.ZnSb.X + HZO (1.12)

(d). Reactions of polysulphide crossiinks

The di- and polysulphide crosslinks produced during the
course of vulcanisation are subject to further reactions in
the presence of accelerators, activators, and their tréns—
formation products, eventually leading to thermally stable
monosulphide structure. The most important reactions are
as follows:

(1) S-S bond interchange - anpcar to occur by
a frec-radical chain mechanism initiated by

thermal homolysis of S-S bonds or by an




(i1)

L
¥

RS R + XS7ZnSX

X

(iii)

L4

anionic chain mechanism, initiated by
nucleophiles such as zinc-accelerator-

. 20
thiolate complexes;
Desulphuration - is catalysed by zinc-
accelerator-thiolate compl=zxes, which are
able to form new crosslinks from sulvhur so

1

removed. © Consequently, a high concentration

of accelerators and activators relative to

L

i
-—> RSR + X&S§ ZnSkSX ~-=-> RS I (1.123)
a s) y

sulphur lead to a stable monosulphide
crosslinked network with a high degree of
crosslinks (Figure 1l.1A). Conversely, a low
concentration of acceleratdr or of zinc
compounds will result in a high concentration
of polysulphide crosslinks, which will
decompose to a lower deqree of crosslinks

and lead to increasing modification of

the chains by cyclic sulphide and olefinic.
groups (Fiaure 1.1B);

Decomposition - is an uncatalysed thermal
process, giving rise to cyclic mono- and
disulphide groups, to conjugated diene and
triene groups - thus increasina the
susceptibility of rubber to oxidation,

and to zinc sulphide.lo Desulphurisation
competes with decomposition and, therefore, a
rapid desulphurisation leads to reduced

degradation of the network.



The principal consecutive and competing reactions,
indicated in Figure 1.2 proceed at broadly comparable rates
in the normal temperature range of vulcanisation (140 -
18OOC) and, hence, none of the step is completed before
succeeding steps are well under way. A mixture of products
is always obtained, whatever the combination of cure time
and temperature is employed. However, the rates are dependent
on the composition of the vulcanising system and on cure.

temperature.

XSH
xssx 200 $2ns
X X . .
Macom n Se RyNSSNR)
xSNR;J 1L
RiNH
L
HSZnS X °8,°
(1)
L YH
R;N =CS ¢ S5+ CS* NR; \\1/// RS, RH,
Zn0 L
6 Thermal | decompn.
- XSS, ZnS, SX
o7 0)
.7 / (L BN
L’ ) R.upR 5, R R,
) 200, lu-u NP
- L At o
/ J RS, RH SyRH,
!
i HS,X + RS, $X + ZnS
'
| ]
. XSZnSX f-H
[}
'
' (L)
AY
\\ . a5,R
\ t
N X$2nSX Thermal
S~ l) decamposition
-l
RSA R.uy RS, ZnS

Figure 1.2. Overall course of sulphur vulcanisation of olefinic
rubbers [R-H = rubber hydrocarbon in which I is an
w-methylenic or o-methylic hydrogen atom; X
accelerator residue and L o= ligand.




The influence of vulcanised structures on physical and

mechanical properties has been well documented.39—48

1.4 Vulcanisation by Peroxides

Vulcanisation results from interaction df the polymer
with the free radicals formed by decomposition of peroxides
(dicumyl peroxide employed in the system gives cumyloxyl
and methyl radicals).49 The vulcanisation of.butadiene or
isoprene is initiated either by the abstraction of a hydrogen

atom from the allylic position of the elaslomer molecule or by

50-51
the addition of the derived radical to a doublce bond,)J 21 s
are shown in scheme 8. The presence of methyl ¢group in
Scheme 8
Peroxide ——> 2R : (1.14)
° [ o i
R + -?H—C=C— —> CH-C=C-~ + RH (1.15)
H
R
) 11 | o A
R + -CH,-C=C- — —CH2—(l2—(IZ— (1.16)
[ R . - :
2-CH-C=C- —_— —?J—C=C— (1.17)
_CH_C:CE_
|

isoprene rubber directs the attack of a radical to the
methylene group nearest it and, thus, the abstraction route
predominates over the radical addition. The £wo polymeric
free radicals in (1.17) generated from the attack of free

radicals then unite to give a crosslink.

10

Alternatively, the continuous regeneration of free radicals

in a chain propagation sten in scheme 9 leads to the addition



3-5
of polymeric radicals to double bonds,5 > without loss of

the free radical, before the termination occurs.

Scheme 9
o | |_J
~CH-C=C- -?H-C=C'
—-CH ic:c_ 5 —C-é—CH - (L-18)
279 P12
=t
~CH,-C=C~
! .« 1 |
—(EH"C'—‘C— + _CH_C:C (1. 19)
-C-CH-CH_ -
I 2

‘Termination can occur by radical coupling or by unproductive
processes; for example, a polymeric radical combines with a
radical derived from the peroxide. A scission of chains occur
when a polymeric radical decomposes to give a vinyl group and
regenerates a new polymeric radical.sg—61 One 'molé' of
crosslinks is produced in isoprene rubbér ver mole of dicumyl
peroxide, thus indicating the crosslinking mainly by the
coupling of two polymeric radicals.56_58

For butadiene and styrené-butadiene rubbers, the efficiency

a chain reaction for the crosslink formation.

1.5 Cure and Accelerator Activity

1.5.1 Cure

Technical terms used in industries for discussion of
vulcanisation in combination with Mooney Scorch and stress-
strain relaxation are summarised with reference to T'igure 1.3,

as follows:



Tiese
(a) Cure time (e) Plateau effect
(b) Scorch time (£) Reversion
(c) Vulcanisation (g) Rate of cure
(d) Optimum cure

Figure 1.3, Vulcanisation parameters.

(a) Cure time - is the time required to reach optimum cure.

(b) Scorch time - is the time interval from the beginning

of tﬂe éycle toﬁfhergegihning of cuve.

(c) Vulcanisation time - is the time interval from
beginning of cure to optimum cure.

(d) Optimum cure - is usually taken as the time required
to reach some point near the maximum of the property
plotted. 1In Figure 1.3, the optimum cure time would
be near point (d4).

(e) Plateau effect - the curve levels off as the maximum

is approached, and the stress remains rolatively



constant for a period of time.

Y]

(f) Reversion - particularly sulphur vulcanisate subjected
to heat longer than required to obtain optimum leads
to deterioration, especiallv of modulus.

(y) Rate of cure - is taken as the slope of the
vuleanication curve during the period of oot yeact ion,
Volooanysabaon bime s an cnbimat dion of the proelal iy
rate of curce. The rate of curce and the induction
period varies with the tyme of accelerator. The
length of the induction period is directlv proportional
to the scorch time.

1.5.2 Effect of accelerator structure on activi§y2’62’63

i
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Figure 1.4 illustrates the effects of accelerators on
the rate of cure and on the induction period. ZDMDC, an
u1£ra—accelerator, vulcanises the system without revealing
any induction period (scorch time), and the rate of cure is
extremely rapid; whereas, MBTS, NCBS, NBSS and Nt-BBS have
a much longer induction period and a slow rate of cure.
From the technological point of view, the accelerators are
selected to give significantly safer calenderina, extrusion

and mould injection.

1.6 Characterisation of Vulcanisate Structure

Perhaps, the most important and fascinating aspect of
current affairs in the chemistry of vulcanisation is the
problem of determining the structure of rubber vulcanisates
since it not only allows the overall efficiency of the cross-
linking process to be established but also can be used té
estimate the relative proportions of different types of
crosslinks. In this context, a distinction between the
degree of phemical crosslinking and the physically effective
.degree of crosslinking is necessg;y;fqr the characterisation
of vulcanisates. The latter generally includes positive
contributions from trapped entanglements as well as actual
crosslinks. It may also include negative contributions from
free chain ends and intramolecular loops, both of which impair
the effect of associated crosslinks (Figure 1.5).64

Conversely, Figure 1.6 shows the different types of
chemical crosslinks for sulphur vulcanisate, which may act

physically as one crosslink only or as a crosslink of

functionality greater than four.



Figure 1.5.
during vulcanisation.
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Figure 1.6. Different types of chemical crosslinks.

22

Schematic representation of changes in structure



Part of this problem in determination of vulcanisate
structure forms the subject of this review.

1.6.1 Microphysical network structure

The determination of network chain densities and cross-
link concentrations in unfilled elastomers usinq stress-strain
relaxation and swelling methods ignores the contribution of
chain ends and entanglements by assuming that the Jjoining
polymer molecules have infinite molecular weight. According
to.the statistical theory of rubber like elasticity,65_68
an expression of the stress-strain in terms of the Mooney
Rivlin equation (1.20) leads to an evaluation of the constant
Cl' which is indirectly related to the molecular weight of
chain segments between physically effective crosslinks, Mc;
this is directly related to the concentration of physically

effective crosslinks in the sample.69—72

F[2A0(A—A—2)] =Cy + Cy (1.20)

Where F is the force required to maintain the sample at a

small extension ratio, A, Ao is the unstrained cross-sectional

1 2

pertaining to ideal and non ideal elastic behaviour respectively.

area of the sample, and C., are parameters of vulcanisate

Alternatively, Mc can be related to the volume fraction
of crosslinked network in the swollen gel at eqguilibrium
swelling, Vo by the Flory-Rehner equation—]?’-75 (1.21).
2 - -1 1
-an(l-v_ ) + v+ uv’] = sv (M) " (v -2v_ ) (1.21
r r r o ¢ r rg

Where Vo is the molar volume. of the sweiling liquid, £ is the

functionality of the system, which is in this case four, /[ is
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the density of the rubber network and u is the polymer-solvent
interaction parameter. The Flory-Rehner equation derived

from the statistiqal theory and the thermodynamic of mixing
of liquids with networks requires prior knowledge of the u,
which varies considerably both with the level of curative and

5 -
with the time of cure. 4’76 80

"This procedure, because of its
simplicity, has been applied in chapter three for the
determination of MC.

Mullin71 has succeeded in evaluating the correctibn for
free chain ends in networks of natural rubber and, Moore and
Watson81 derived the relationship betWéen‘chemical crosslink
concentration in natural rubber, using di-t-butyl peroxide .
as the crosslinking agent. The rélaﬁion, based on work with

52,57,81

model olefins, assumed that the rubber radicals

undergo mutual combination exclusively. However, thef
subsequent work82 indicates that the nogtﬁﬁbbér components
in the natural rubbér compete with the fuﬁge;:ﬁydrocarbbn:;
for alkylperoxy and methyl radicals. Y )

1.6.2 Molecular network structureT 

Various types bf chemical reagents have beeh uséd for the
determination of crosslink structures, théh reacﬁ and break
crosslinks of particular types; The ph?éiéal:aéséésment be fore
and after treatment with the reagent, tﬁénfalioWs the
determination of concentration of that typé of?crosslinks
which have been broken. Differences in éhéﬁicél réaCtivity
allow mono-, di-, and trisulphides to.be deﬁéf%ined in this
way. Sulphur rank equal or greater than throé'can:notAbe

distinguished and, therefore, are treatéa'asupolysulphides in.



this review. The treatment of elastomers with thiols in

piperidine has been discussed extensively in chaoter nine.

Chemicals used for the cleavage of both di~ and polv-

sulphides, are as follows:

(a)

(c)

. . Lo . . 39,83-89
Lithium aluminium hydride in tetrahydrofuran
(i) LiAlH4
RS, R' > RSH + R'SH + (x-2}H.,S (1.22)
% . + 2
(ii) H
(i) LiAlH4
RSSR' T > RSH + R'SH ’ (1.23)
(ii) H
9
Sodium di-n-butyl phosphite in benzeneso’go' 1
-+ -+
RS,R' + (x-1) (Bu'0),P(0) Na= ——> RS Na +
n -+ n
(x=2) (Bu 0) ,P(0)S Na + Bu (0),P(0)SR (1.24)
n -+ ER
RSSR' + (Bu O)2P(O) Na -—> RS Na +
(BuO)ZP(O)SR . (1.25)
9
Triethyl phosphite in benzene 2,93
' - '
RS R' + (x-2) (C,HO) ;P ——> RSSR' + .
- .2
(x 2)(C2H50)3PS (1.26)
|
RSSR' + (CZHSO) 3P —_> RSC2H5 +
(C,H.0) ,P(O)SR' (1.27)

25772

When R' is a 2-alkenyl group, the reaction

94
equation competes with reaction (1.27).

RGSRY + (C1.0) P SR' + (¢ H_0). PS
RSEGRY A ((ZHS )3r 2>  RSR' 4 ((z'u )j (1

.28)

=

i



91,95
n-Hexanethiol (1M) in piperidine” '

RS R' + (2x-3)hexyl-§ ——> RSS-hexyl +
R'S + (x-2) (hexyl=§), + (x=2)8%~ (1.29)
RSSR' + hexyl-S —— RSS-hexyl + R'S (1.30).

A solution of propane-2-thiol (0.4M) and
piperidine (0.4M) in heptane has been reported to
cleave polysulphide linkages only, leavino di- and
monosulphides crosslinks intact in sulphur
9¢,97

vulcanisate in two hours at ZOOC.

Propane-2-thiol (0.4M) and piperidine in n-heptane

3t

1o _ _ 2-
R'S + (x 2)(CH3)2CHSSCH(CH3)2 + (x-2)S (1.31)

RS,R' + (2x—3)(CH3)2CH§ — > RSS(CH

The treatment assumes that the polysulphides
afe one thousand times more reactive than disulphides
and, the concentration of disulphidesremains
essentially unchanged, under theremployed conditions.
The use of this reagent in conjunction with treatment
(d) allows to estimate the relative proportion of
mono-, di- and polysulphides to the total degree of

chemical crosslinking.

Other, less vopular, methods for the determination of

solvent,

overall numbers of polysulphide sulphur atoms in a vulcanisate
network have been used by determining the hydrogen sulphide,

formed on treatment with lithium aluminium hydride in ethereal

39,83-89 . ;
! by determining the amount of network-combincd
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sulphur that is exchangeable with radioactive molecular sulphur

(355 ) (exchange sulphur in organic accelerator also

8
98-
occurs) , 8-100 and by determining the amount of network-
combined sulphur, removable by treatment with triphenyl-

41,80,90 The successful

phosphine for four days at go°c.
application of triphenylphosphine demands the elimination of
free-sulphur present in vulcanisate prior to the treatment.

The use of methyl iodide is even less favourable, mainly
because both di- and polysulphides react to give sulphénium
salts and, the allylic iodides formea are highly reactivce
and may result in carbon-carbon crosslinks in subsequent
96,101-103

reactions.

1.6.3 Main-chain modifications

The background information of types of modifications
to the main chains, in the literature, comes almost
exclusively from studiés of the sulphuration of model
olefins.31 The problem is associated with the identification
and estimation of all various types of modifications in
actual rubber vulcanisates. Modification of the main chain
‘such as accelerator-pendent groupsgo (Figure 1.7), olefinic -

N , :
modifications and cyclic sulphide qroup531’104'105

have
so far been identified by a variety of methods.
|
C (CH,) N-C=S
7
N s 3°2
Figure 1.7. Accelerator-terminated pendent qgroups attachod

to rubber.



Other physical methods such as infrared and more recently
nuclear magnetic resonance spectroscony have been used to

study the structural features.

1.7 Structural Studies

1.7.1 Infrared spectroscopy

Infrared spectroscopy, as a very useful tool in the
field of chemistry for analysing and identifying the
compounds of similar chemical and physical properties, has
been widely applied for characterisation of elastomers and
additives and the spectra have been well documented over

the years.106’107

In most cases, the natural elastomers
have been studied in microtomed sections, cut in solvent
‘(acetone or toluene), and in cast and hot-pressed films,
whereas the spectra of additives in the form of a powder
have been obtained by means of the potassium chloride or

106,107

bromide disc technique. The applications of infrared

spectroscopy discussed by Clark108 and the theoretical
analysis of some polymers by Krimmlo9 lead to the assignment
of many of the bands in the spectra of polymers. The
absorption bands at 7.27 and 7.22 microns have been used for
the determination of relative provortion of cis~1,4 and trans-
1,4 units of polyisoprene, respectively.llO Corishlll'112
determined the amount of cis-1,4 units in a polyisoovrene

by measuring the intensity of the 2.46 micron band. The

bands at 11.25 and 11.9 microns are attributed to 3,4 and

1,4 units, respectively.

113,114

It has been shown that the 7.64 and 7.4 micron
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bands are due to cis- and trans units of butadienes. The
absorption band at 11.0 micron is characteristic of 1,2 unit.

The detailed information and the results of this
investigation are vprovided in chapter three.

1.7.2 Nuclear magnetic resonance

The overall contents of the isomeric strﬁctural units in
elastomers such as polybutadiene and volyisoprene were
determined by infrared spectroscopy before 1970, while a
method of determining the sequence distribution of these
units by nuclear magnetic resonance spectroscooy has been
known in the last few years.lls_127 Carbon-13 NMR has bheen
applied to study the sequence distribution of the isomeric
structures in polyisoprenes.116—-119 Proton dccoupled 1” NMI
spectroscopy has applied to the analysis of cis and trans

1232125 e successful avplication of

units in butadiene.
these methods required swelling or solution nof a volymer in a
suitable solvent. In contrast to these methods, natural and

synthetic polymers are currently studied extensively with the

application of cross polarisation combined with magic anale

spinning (CP-MAS) , aithoﬂgﬁ it is still iﬁ_ité'inféﬁcy:”
The detailed results of sulphur vulcanised, Natsyn 2200,'.

elastomers are given in chapter  three.

1.8 The Mechanism of Oxidation

Almost, the entire fundameﬁtal knowledge of oxidation of
rubber has been derived from the oxidation of the natural
(cis~1,4-polyisoprene) elastomer, the motivation beina the

great technological importance of rubbers. At present, the



widely accepted mechanism of oxidation is based on work at

- 275 ,2 .
the Natural Rubber Producers' Research Association. 5,285,301

General Mechanism of Oxidation

1.8.1 The initiation reaction

A rapid oxidation of elastomers results from the break-

down of a hydrocarbon molecule into two radicals:
RH —> R° +H° (1.32)

where RH is the polymer and R° is the polymer radical.  The
initiation reaction hay be induced by physical factors

(UV radiations, ionisihg radiation, temperature, ultrasonics
and mechanical shearing) and chemical agents (catalyst, direct
activity of oxygen, singlet oxygen and ozonei.

(a) Physical factors

The chemical structure of the polymer has a great influence
on the type of macro-radicals formation. The dissociation
energies of pvarticular bonds between the atoms of the polymer
will, thus, dictate the direction of fragmentation that is
likely to occur in relation to the amount of eneray being
fed to the system; This is particularly important for the
mastication of raw elastbmers, carried out in internal mixers
or on roll mill at an elevated temperature. The mastication
in the presence of oxygen is accompanied by a marked
decrease in the molecuiar weight and increased oxidative
degradation of the elastomer.

Figure 1.8 shows the relationship between the bond energy

and the energy available from sunlight to cause the photo-
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oxidative degradation of the elastomer.
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Figure 1.8. Bond strength in relation to lidght eneray.

(b)  Chemical agents

(i) Initiation induced by molecular oxydgen

A molecule of oxygen (3Zstate), electronic configuration
[ KK(ogZS)z(OUZS)Z(ogZP)2(wu2P)4(ng2P)2], has a biradical

nature and can rapidly combine with radicals by addition to

form peroxy radicals. The-direct reaction of molecular
R° + 0, -—> ROO° ©(1.33)
RH + O —%— ROOH (1.34)

2




oxygen with a polymer is not favoured, due to the endothermic

129
nature of the process (30 - 45 kcal).

(ii) Initiation by external initiators

External initiators present as impurities in the form of
catalysts, peroxides, hydroperoxides, inhibitors, solvents
and other materials incorporated in the'synthesis of nolymers
may induce the oxidation process by decomposing into free
radicals, which are then able to react with the polymer.

(iii) Initiation induced by ozone

Traces of ozone present in the atmOSphere (a few parts
per hundred million) are sufficient to cause severe cracking
in elastomers, within a few weeks to months. The mechanism
of ozonolysis proposed initially by CriegeelBO and amplified
by Baily131 can explain the initial attack of the ozonc,
'particﬁlarly with respect to the orientation of addition to

an unsymmetrical carbon-carbon double bond. The primary step

Scheme 1.8
0
?—6 ch)\ -

-1+ 3 - 1 IN =3 - :
R (0] R R /&N L R 1.35

NP BN NN, (h-3%)

/p__::C\ C C\
R2 R4 2 R4
ey gy

/c:o + +C\ e c-(':-R3 (1.36)
R2 l R4 R2/ r3

1 .3 3 3
gl 0—0 =R \ R 0—0

\ \C/ \ / \C/ (1.37)
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in the reaction seguence involves complefoormation between
the electron-deficient terminal oxygen atom of the ozonc
molecule and the w electrons of the double bond. A rapid
rearrangement of this = complex, directed by the electronic
character of the neighbouring groups, yields an aldehyde or
ketone (ozonolysis of polyisoprene gives water, formic acid,
acetic, levalinaldehyde, 2,5-hexanedione and propionic acid).

1.8.2 The propagation reaction

Peroxy radical (ROO°) produced by a rapid combination of
hydrocarbon radicals (R°) with oxygen in equation (1.33)
reacts with hydrocarbon via hydrogen abstraction, resultincg in

the formation of a hydroperoxide.
ROO® + RH —— ROOH + R° (1.38)

In general, peroxy radicals abstract tertiary bonded hydrogen
in preference to secondary-and primary hydrogen.

1.8.3 Decomposition of polymer hydroperoxides

Whilst the radical (R°) again participates in reaction

(1.33), the hydroperoxide may decompose by the following

mechanisms:

ROOH ——> RO° + °OH (1.39)

2ROOH ——> RO° + ROO® + H,0 (1.40)

or react as follows:

ROOH + RH ——3 RO® + R° + 1,0 (1.41)

132 134,135
Elevated temperatures, 32,133 metal catalysts ! and

I

)
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sunlight can also enhance the rate of hydroveroxide decomposition.

1.8.4 Formation of hydroxyl groups

Hydroxyl groups are formed from the reaction of alkoxy

polymer radicals with hydrocarbon molecules. These groups may
RO + RH ——> ROH + R® (1.42)

occur along the hydrocarbon chain or on its end groups, the

36
latter being relatively rare.l

1.8.5 Formation of carbonyl groups

36
Carbonyl groups may result in the following ways:l
(a) B-Scission of alkoxy radicalsl37’l38
OD
l .
~-CH,-C-CH,-CH —> -CH,-C + "CH_-CH- (L.43)
2 2 2 2
R R R R
R 0° R R O R
Lo é | 74 o&
-CH-CH~ H—CHZ— —> —CH—C\ + H—CHZ— (1.44)
R

These reactions participate in the backbone
scission of hydrocarbon chains and in the formation
of alkyl radical at chain ends.

" (b) An intermediétépfb?ﬁéaﬁf}gmrébétraction of a labile
hydrogen via a cage effect by a hydroxy radical
subsequently undergoes rearrangement to give a

carbonyl group.

H
0
e P
|
—CH—CH-CH—CHZ- - -CH-CH-CH-CH, -
HO® cage
PR I
. | |
—CH—C—CH—CHz— —_— —CH—C—CH—CHZ— + H20 (1.45)
+ H,O cage

2



(c) A biradical resulting from the decomposition of a

hydroperoxide, subsequently yields ketone.

H
O [
R ? R T ? 0 ?
| |
- CH-CH-CH-CH,~ o ~CH-C-CH-CH,- | + H,0
R ﬁ $ cage
|
———> -CH-C-CH-CH,~ (1.46)

(d) A reaction between two polymer alkoxy radicals,
via disproportionation, produces simultaneously

ketone and alcohol.

R O R R O R
—éH—éH—éH—CHZ‘ —éﬂ—g~éH—CH2—
— | (1.47)
R ‘0 R R O R
—éH-—-éH—éH—CHZ— —éH—éH—AH—CHz-

1.8.6 The termination reaction275'285'301

The chain reaction terminates by the reactions:

ROO® + ROO® ——> Non-radical products (1.44)

ROO® + R® -——3 ROOR tnactive; g
products

R + R — R-R (1.46)

etc.
Reaction (1.44) predominates in hich partial pressure of
oxygen.

1.8.7 Plasma and thermal treatments

The surface reactions with active species in oxygen and
hydrogen plasmas, and with air at IOOOC are discussed

extensively in chapters six, seven and eight respectively.

35
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1.8.8 Areas of interest

It is evident from the necessarily brief survey of the
literature that the techniques employed for studying the
chemistry of elastomers have been the subject of bulk
investigations. Since, the solids communicate with the
surrounding environment by way of their surfaces, a knowledac
of the changes in surface chemistry is of fundamental
importance for any detailed discussion at the molecular level
of the way in which the materials interact with the
environment. The use of multiple attenuated total reflectance
infrared svectroscopy (MATR—IR)139 provides only limited
information of the surface changes but, a sampling depth of
10002, does not necessarily reflect the changes occurring in
a surface layer of thickness ~ SOR. Over the past few years;
Clark and co-workers have shown in an extensive series of
publications, how a most pbwerful surface sensitive technigue,
Electron Spectroscopy for Chemical Apwnlications (ESCA), can
be applied to study the polymer Surfaces.zzg"z35

In view of the complexities associated with the chemistry

of vulcanisation and of unexplored area of the chemical

changes at the surface of elastomers, the aim of this thesis
has been initially to establish the generality of the
technique applied to the rubbers by conducting a systematic
study of models and elastomers and then to subject the
selected elastomers to plasmas, thermal oxidation and chemical
treatments. The flow-chart in Figure 1.9 summarises the

areas of interest studies in this thesis.
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CHAPTER TWO

ELECTRON SPECTRQOSCOPY FOR CHEMICAL APPLICATIONS (ESCA)
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2.1 Introduction

The ESCA experiment involves the measurement of binding
energies of electrons, ejected by interactions of a mono-
chromatic beam of soft X-rays with an atom in a molecule.

In common with most other svectroscooic techniques, X-ray
photoelectron spectroscopy was originally develooed by
physicists and, is now extensively utilised by chemists, as
a tool for investigating the structure, bonding and
reactivity.l4o

As early as 1888, Hallwachs,l4l working in Germany,
observed the effect of ultra-violet lightron electrically
charged sheets of zinc that the electric diScharqe between
two electrodes occurred more readily, when cne of the plates
was irradiated with ultra-violet light. It was further
shown in 1900 by Lenardl42 that the irradiation of metal
resulted in emission of electrons from the metal. This
phenomena, unexnlainable by the classical wave theory, was
followed by Einstein in 1905, who introduced the light
quantum concept to explain the photoelectri‘c'effects.143 He
7éuégeétéd»tﬁé£ thériidht consists of a stream of particles, =
(photons) , each possessing energy hv, where h is the Plank
constant and v is the frequency of light; and, each of
these photons imparts its energy to an electron in the metal.
Part of the vhoton energy is used in just removina the
electron from the metal surface and, the renaining energy

appears as the kinetic energy (KE) of the vhotoelectron, given

by the equation:

hv = KE + W (2.1)
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where W is the 'work function', the minimum enceray reqguired to
remove the electron from the surface of metal. Howcever, it was
not until much later, that Robison144 and De Broqlie145
investigated the energy distribution of electrons from

various elements by the X~ray irradiation of thin foils. The
distribution of electron energies for the transmitted vhoto-
electrons was recorded ohotographically and, analysed using

a homogeneous magnetic field. Since, the radiation source
consisted of a continuous spectrum (Bremsstrahlung) with

the characteristic line spectrum of the anode material
superimposed, the electron distributions obtained werc
characterised by long tails with distinct cdges at the hiqgh
energy end. Measurement of these edge vpositions gave a
determination of the energy levels of the. different atomic
levels and, with a knowledge of the exciting X-ray line,
binding energies were calculated. ‘It was not until the 1950's,
however, that Siegbahnl46 revived the vrinciple of X-ray
photoelectron spectroscopy and; developed an iron-free

magnetic double focussing electron analyser for the high
‘resolution studies of g-ray energies. In 1954, attemnts

were made to record high resolution photoelectron spectra,
excited by soft X-rays. The observation of sharp lines, which
could be resolved from each electron veil, changed the course
of the future development of the technigue. The photoelectrons,
to which such lines corresponded, had the important property
that they did not suffer energy losses and, therefore,
possessed the binding energy of the atomic level from which,

they were ejected; and, could be measured to a precision of a
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47 '
few tenths of an electron Volt.l The rcalisation of

chemical shifts for copper and its oxidesl48 was a great step
forward in relation to the environment of the core levels,
but the general utility of the technique was appreciated only
in 1964, 149/150

Much of the early work of Siegbahn and co-workers was
extensively documented in 1968 in 'ESCA', Atomic, Molecular
and Solid State Structure Studied by Means of Electron
Spectroscopy.151 Later work was published in 1968 in the
standard text of 'ESCA Apvnlied to Free Mole‘cules‘.152

In addition, the technique of ESCA is also known as:

(1) X-ray Photoelectron Spectroscopy (XPS)

(2) High Energy Photoelectron Srectroscopy (HEPS)

(3) 1Induced Electron Emission Spectroscopy (IEES)

(4) Photoelectron Spectroscopy of the Inner Shell (PESIS).

There are several techniques available, which may be
classified under the generic term 'Electron Spectroscopy'.
Table 2.1 shows various types of electron spectroscopy, whose

153,154 An enormous

detailed features are well documented.
amount of research activity has been directed, in the last
decade, at all aspects of instrumentation and, the apolication
of ESCA to a variety of industrial and academic circles has
made the technigue the most important and adaptable means of
analysing surface characteristics. Since much of the work
described in this thesis is related to ESCA, it is, therefore,

convenient to provide a brief explanation of the principles

involved and the application of X-ray photoelectron spectroscopy.



Table 2.1

Typres of Electron Spectroscopy

Name of Technique

Photoelectron spectroscopy
UPS or (Ultra-violet

excitation) PES

Photoelectron spectroscopy
ESCA or
XPS

(X-ray excitation)

Auger electron spectro-

scopy AES

Ion neutralisation spectro-

scopy INS

Penning ionisation spectro-

scopy PIS

Autoionisation electron

spectroscopy

Resonance electron capture
electron transmission

spectroscopy

Basis of Technique

Electrons ejected from materials
by monoenergetic ultra-violet

photons are energy analysed.

Electrons ejected from materials
by monoenergetic X-ray photons

are enerqgy analysced.

Auger electrons ejected from
materials following initial
ionisation by electrons or photons
(not necessarily monoenergetic)

are energy analysed.

Auger electrons ejected from sur-
faces following impact of a noble

gas ion are energy analvsed.

Metastable atoms are used to
eject electrons from materials.

The electrons zre encrgy analyscd.

Similar to Auger electron
spectroscopy. Electrons ejected
in an autoionising decay of
super-excited states are measured.
Electron or photon impact can be
used to produce the suvmer-

excited states.

The elastic scattering cross-
section for clectrons is mcasurcd
as a function of the cnergy of

the electron beam and scattering

angle.



2.2 Processes Involved in ESCA

2.2.1 Photoionisation

The interaction of a monoenergetic beam of X-ray with
an atom in a molecule results in the photoemission of
electrons with specific kinetic energies, related to the

151

nature of atom. The most commonly employed X-ray sources

are Mgkd and Alka with photon energies of 1253.7 eV
1,2 1,2

and l486.é eV respectively. The advent of electronically
operated dual anodes has led to use the harder sources such
as Ti with nhoton energy of 4510 eV for analytical depth
profiles. The photoejected electrons may be either core or
valence electrons, the latter are usually studied, using
ultra-violet photoelectron spvectroscopy (UPS)152 with He(I)
(21.22 eV) or He(II) (40.8 eV) radiation. The lifetimes of
the core hole states are typically 10—13 - 10-15 seconds,155
emphasizing the extremely short time scales‘involved in ESCA,
compared with most other spectroscopic techr.igues.

The total kinetic energy of an emitted photoelectron,
including contributionsAfrom the vibrationals, rotational

and translational motions, as well as electronic is given by

eguation (2.2):
KE = hv - BE - Ex (2.2)

where hv is the energy of the incident photbn (v is the
frequency of the X-ray radiation and h is Planck's constant);
BE is the binding energy of the photoejected electron -
defined as the energy required to remove an electron to

infinity with zero kinetic energy and, Er is the recoil eneray



of the atom, which decreases with increasing atomic number
and, in fact, it is only significant for the first few
members of the periodic table that a recoil energy grcater
than 0.1 eV has been computed (H = 0.9 eV, Li = 0.1 eV, Na =
0.04 eV and K = 0.02 eV).151 With the present resolution of
typical ESCA spectra of solid systems, contributions from
translational, vibratioﬁal and rotational motions are seldom

observed and, thus, the equation (2.2) for a free molecule

reduces to:
KE = hv - BE (2.3)

An important relationship exists between the binding
enerdies observed'experimentally by ESCA for solids versus
free molecules, when compvared with the values calculated
theoretically by 'ab initio' and semi-empirical LCAO-MO-SCF

treatments.

()

The most convenient reference level for a conducting sample

is the Fermi levell”® or electron chemical pbtential, which
is generally defined as the highest occupied level at
absolute zero.

The work function, ¢s' for a solid is given by the energqgy
difference between the free electron (vacuum) level and the
Fermi level in a solid; and is reoresented schematically in
Figure 2.1. The vacuum levels for the solid sample and the
spectrometer may, however, be different and the emitted
electron will experience either a retarding or accelerating
potential equal to ¢S-¢ ’ wﬁere ¢snec. is the work

spec.
51

function of the Spectrometer.l In ESCA, it is thc kinetie
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Figure 2.1. Relationship between vacuum level and Fermi
level for a sample, isolated from the
spectrometer.

energy of the electron that is measured as it enters the
analyser and, taking zero binding energyv to be the Fermi

level of the sample. The following equation results:

BE = hv - KE - ¢
spec.
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The binding energy, referred to the Fermi level, does not
devend on the work fuﬁction of the sample but on that of the
spectrometer and this represents a constant corrcction to all
binding energies. Energy referencing and sample charging
effects are discussed in section 2.5.

2.2.2 Processes accompanying photoionisation

Several processes accompany vhotoionisation and, these
may be classed into two main groups depending upon whether
they are slow compared to the original photoionisation, or
occur within a similar time span. Electronic relaxation
processes such as shake-up and shake-ocff are ranid processes
and, occur within a similar time span, resulting in a
measurable change of the kinetic energy of the photoemitted
electrons. Auger and X-ray fluorescence, on the other hand,
are relatively slow processes and, have little effect on the
kinetic energy of the photoelectron. The basic processes
involved in Auger and X-ray fluorescence afe illustrated
diagrammetically in Figure 2.2.

2.2.3 Electronic relaxation

The—éﬁoféibgléagzaﬁiéfﬁcofe electrons is accompanied by
a substantial électronic relaxation of the wvalence electrons,157—15
and this process is complete within a time scale of
approximately lO_17 seconds. Experimental and theoretical
studies have shown that for a given core level, the magnitude
of relaxation energy (RE) is a sensitive function of the
electronic environment of a molecule.l6o—164 It is, thereforc,

of considerable importance in determining the absolute binding

energy and thce lineshapes of obsecrved peaks by means of
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Figure 2.2. Schematic representation of direct photoionisation,
Auger and X-ray fluorescence processes.

vibrational finé struéture. Relaxation energies associated
with the core ionisations of first row elements are
considerable165 and, are caused by the reorganisation of the
valence electrons in response to the decreased shielding of the
nuclear charge, whilst the relaxation of the core levels
themselves contribute very little to the total reorganisation.
The reorganisation changes the spatial distribution of the

remaining clectrons. The differences in relaxation cnergies

for closcly related molecules are small and, thercfore, result
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in minor shifts of binding energies. This is consistent with
the tendency of Koopmans' theorem and self-consistent field
(ASCF) calculations to give the same estimates of shifts
despite the fact that Koopmans' theorem ignores the effect of
electronic relaxation.164 This provides a method for |

investigating the relaxation energies.
RE = BE (Koopmans) - BE (ASCF) (2.5)

2.2.4 Shake-up and shake-off phenomena

The removal of a tightly bound core electron, which is
almost completely screening as far as the valence electrons
are concerned, is followed by substantia’ electronic
reorganisation (relaxation) of the valence electrons in
response to the effective increase. in nuclear charge; and,
this is sufficient perturbation such that the direct phdto—
ionisation leading to the ground state of a core ionised
species is accompanied by simultaneous excitation of an
electron from a higher occupied to lower unoccupied valence
level (shake-up) and, in the limit, leads to a doubly ionised
state (shake-off). ‘Shake-up and shake-off processes, therefore,
give rise to satellite peaks to the low kinetic energy side
of the direct photoionisation peak, as shown in Figure 2.3.
Since the energy for both these processes is derived from the
original photoionisation, an equation (2.3) is adjusted to

account for these multielectron processes:
KE = hy - BE + E - (2.6)

where E is the energy of the multielectron process.
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Figure 2.3. Schematic representation of photoionisation,

shake-up and shake-off processes.

These excitations follow the monopole selection rules (AJ =
AL = AS = AMJ = AML = AMS = 0), as indicated in equations
(2.7) to (2.9).
n
¢, = »Cul fu (2.7)
i
u=1
n
lp;,: = skvf¢'v (2.8)

v=1

4%
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n
2
P, . = Njzkufcpi < ¢'ulou >| (2.9)
£ u=l

where, wi is the initial state wave function and Wf is the
final state wave function.

In the sudden approximation, transitions are directly
related to the sums of one centre overlap terms involving
the occupied orbitals of the initial system and the unoccupiecd
(relaxed orbitals) of the final state.l66 .These monopolc
excited states are analogues of the more familiar dipole,
allowed excited states of the neutral molecule studied in
conventional electronic spectrcscopy.

The situation of shake-up transitions can be further
visualised by considering excitations involving a core hole
state in the doublet manifold, as depicted in Figure 2.4.
There are two possibilities for a given excitation
configuration, a singlet and triplet state can be generated
in a simple orbital model. It is anwvarent that either
unpaired electron in the valence orbital and that excited to
the virtual orbital have opposite spins (singlet origin), or
‘both may possess the same spin (triplet-origin). The triplet
state is lower in energy than that of singlet origin. Since
both represent doublet states, transitions from the ground
state of the core hole state may be viewed as both being
allowed. 1In principle, one can expect experimentally to observe
the energy separation and intensities for the components of
the shake-up states of a given excitation configuration.

The direct relationship between shake-up and shake-off

processes and relaxation energies was established by Manne
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Figure 2.4. Schematic representation of singlet-triplet
shake-up.

and Aberg.lf).'7 They showed that the weighted average over

the direct photoionisation, shake—ﬁp and shake-off peaks
corresponds to the binding energy of the unrelaxed system
(given by Koopmans' theorem). This is shown schematically in

Fiqure 2.5.
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relaxation R
energy

Figure 2.5. Relationshiv between relaxation energies,

Koopmans' theorem (mean) and the relative
intensities of direct photoionisation and shake-
--- - —— . up -and shake-off transitions.

The transition probabilities for high energy shake-off
processes are relatively small, compared to the shake-up
proéesses (which are of lower energy) and, these transitions
of higher probability fall reasonably close to the weighted
mean. In principle, the relaxation energy should be available
from experimental measurements but, in pracﬁice, this is not
generally feasible since the smaller shakefoff peaks are

often complicated by the presence of the general inelastic
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tail (arising from photoemission from a given core level,
followed by energy loss by a variety of scattering processces),
which provides a broad energy distribution usually pcaking

for organic systems at approximately 20 eV below the direct
photoionigation peak.

Shake-up and shake-off structures have been studied in
organic and inorganic materials with particular attention to
the transition elements. The shake-up phenomenon has proved
to be valuable in elucidating the detailed structure and
bonding in polymer systems, which are not directly attainable

168-170

from the primary information levels in ESCA.

2.2.5 Auger emission and X-ray fluorescence

De-excitation of the hole state, produced in a core sub-
shell by X-ray radiation, can occur by X-ray fluorescencé
and Auger emission, the latter being.most probable for elements
of low atomic number, while the former becomes important for
heavy elements (Figufe 2.7). These fundamental processes
are illustrated diagrammetically in Figure 2.6, which are
comparatively slow compared to photoionisation; and,
therefore, do not have much effect on thé kinetic energy of
the original photoelectron.

Auger emission may be viewed as a two step process,
involving the ejection of an electron from an inner shell
by a photon, followed by an electron dropéing down from a
higher orbital level to the vacancy in the inner shell with
the simultaneous emission of a second electron.l7l—176
When the electron droos from a valence shell to fill the

inner shell vacancy, the Auger svectrum is related to the

energies of both the valence and core orbitals.
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When the electronic vacancy in the inner shéll is filled by
an electron from another inner shell (Coster—Krdnigvtrénsition),
the Auger spectrum is related to the inner orbital transition.
Such spectra are often very well resolved but, unfortunately,
lead to the broadening of ESCA spectrum as a result of very
short lifetime of the process. The energy difference between
the orbitals for the Coster-Kronig process to occﬁr must be
sufficiently large to eject an electron from an orbital in
the higher shell. These processes only occur in elements of
atomic number'less than forty.177 |

Auger emission spectioscopy (AES) has become an.important
analytical technique; in particular, for studying the
surfaces of metals and semi-conductors. Commercial Auger
spectrometers use an electron beam as thé source of excitation
radiation. The flux of the incident electron is approximately
three orders of>magnitude larger than typical ESCA photon
beam and, the radiatién damage to organic materials is,
therefore, a severe problem.l78’l79

The complexity of the Auger electron siqﬁal, therefore,
hiﬁdéféVEMEEféi§Htfdrward’extraction»éf-ehemicalhinformation:
as in ESCA. However, in the case of metal oxides, for
example, the Auger chemical shift is much laréer'than the
photoelectron chemical shift observea‘in ESCA because of
polarisation screening effects. The direction of the shift
is such that the kinetic eneray of Ruger electrons from
polarisable atoms is increased more than the energy of
photoelectrons in ESCA. A relationship between the shifts

in Auger enexgy and the shifts in photoionisation has been
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éstablishéd from the studies of copper, zinc, lithium and
sodium sys’tems.lgo—185
The conce?t of thé Auger parameter was developed by
Wagner186 by taking as the kinetic energy of the sharpest
and most intense Auger line subtracted from the most-intense
photoelectron peak. This quantity is of considerable
importance to analytical chemists since the Auger parameter
does not involve sample éharging effects. Chemical state
" scatter plot,.187 on which photoelectron and Auger data
representative of a given element are uséd in conjunction with
the ESCA data for the identification of chemical states.
The Auger parameters for zinc systems are discussed in
chapter three for the identification of ZnO and ZnS states.
X-ray fluorescence (secondary-emission) is an excellent
technique for the gualitative analysis of elements with atomic
number greater than ten. Concentrations down to 0.1% for
light elements and 0.0l1% for heavy elements (Fe, Co, Ni) have

been detected.188

2.3  Chemical Shifts ..

The energies of core electrons are‘charaéteristic of a
particular element (Table 2.2) and, are sensitive to the
electronic environment of that atom (Ficure 2.8). The changes
in chemical environment of a given atom give rise to
measurable changes (chemical shift) in binding energies of
photoemitted electrons, often representative of a given
structural feature. Figure 2.8 illustrates the ClS spectrum

of ethyl trifluoroacetate. The experimental chemical shifts



Table 2.2
Approximate core binding energies (eV)
Li Be B C N O F
1s 55 111 188 284 399 532 686
Na Mg Al Si P S Cl
ls 1072 1305 1560 1839 2149 2472 2823
2s 53 89 118 149 189 229 270
2pl/2 31 52 74 100 136 165 202
2
2p3/2 31 52 73 99 135 164 00
K. Siegbahn
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have been calculated theoretically by several distinct approaches:

8
(i) Koopmans' theoreml 2
(ii) Core hole calculation5236’237 ~ linear combination
of atomic orbitals - molecular orbital - self

consistent method (LCAO-MO-SCF)

(iii) Bguivalent cores model190

(iv) Charge potential model152

(v) Quantum mechanical potential modellgl—193
(vi) Many body formalism.

An account of the physical processes involved in electron
vhotoemission and their effects from a theoretical stand-

5
point has been provided by Fadley.ll

2.4 TFine Structure

2.4.1 Multiplet splitting

Multiplet splittings occur in paramagnetic systems from
interactions between unpaired electrons present in the
system and the unpaired core orbital electrons, remairning
after photoionisation. Examples of the core level spectra
for transition element compounds are well known.lgs’196
The theoretical interpretation of multiple splittings is
relatively simple only for S-hole states and, is based on
Van Vlecks' vector coupling model.197 The splitting, AE,
(the energy difference between the states S + % and S - %)

is proportional to the multiplicity of the ground state,

given by equation (2.10}):
AE = (25 + 1)K (2.10)

where K is the cxchange integral between the core (c¢) and the



valence (v) electrons under consideration and, is defined by:

1 .
K = < ¢r(1)¢c(2)|;z;|¢v(2)¢c(1) g (2.11)

The intensities of the peaks are proportional to the

degeneracies of the final states:
[2(s + %) + 11/12(Ss - %) + 1] = (S + 1):S (2.12)

The magnitudes of multiple splittings are independent of
sample charging effects and reference level. A detailed
review has been provided by Fadley.19 The magnitude of
the splitting for a given ion or atom can DroVide valuable

information, concerning the localisation, or delocalisation

' 151
of the unpaired valence electrons in compounds, » 199 since

the splitting increases with increasing spin-density on an
. » t

atom. The multiplet splitting AEl on the i h atom can be

approximated by assigning a fraction of spin density to the

.th
i atom; and, is given by equation (2.13):

AE = £.(25 + 1)K, (2.13)
i i

For example, simple molecules N,, NO and O.,, studied by

2

. 152
Siegbahn et al in the gas phase, revealed that the N2

molecule did not possess core level splitting since the core
level (1S) after photoionation was degenerate with respect

to spin; whereas, NO and O2 core levels were split by the

presence of unpaired electrons. Figure 2.9 describes the

orbital levels in N NO and O, and Figure 2.10 the ESCA 15

27 2
levels of the molecules. The NO molecule has one unpaired

electron in the 2w orbital and, therefore, upon photoemission
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of eithef an oxygen 1S, or nitrogen 1S, the molecular ion

(NO+) is left in either a triplet, or singlet state
respectively. The observed splitting in t