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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.
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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.

3
=
~N
E _
= 3
1507 =g =
2 A 1602
u >
wJ \ wJ
5100 1 . 5
= PN L0
< %, e
8« o -C-C- - N - 3L8,
-C-0-C-
! \
200 400
W AVELENGTH (om )

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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Kinefic energy —

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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shake-off shake up phgge&&m'm,

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 the 1S5 Spectrum can

be attributed to the.exchange interaction between the core
electrons and.the two unpaired electrons having different
energies. The O2 molecule'has a similar electron configuration
to NO but wiﬁh th unpaired electrons in its outer wg orbital

and, again, splitting of the oxygen peak is observed.

2.4.2 Spin-orbit splitting

Spin-orbit splitting results upon photoionisation of an
orbital, which has an orbital quantum number (4) greater
than one (i.e. from p, 4 and f orbitals). The doublet
structure occurs from a coupling of the two magnetic moments
of the spin.(s) and the orbital angular momenta (L) of the

electron to yield a total momentum (J):323'324

J=5+1L (2.14)

When the spih-orbit coupling is weak, the orbital angular

momenta couple to give a resultant L instead of coupling to

the spin angular momenta.

The relative intensities of the component peaks in the
doublet structure are proportional to the ratio of the
degeneracies of the states, which is quantum mechanically
defined by (2J + 1). The relative signal intensities of the
J states for the S, p, d and f levels are indicated in Table

2.3 and illustrated in Figure 2.11.
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Table 2.3

Intensity ratios for different levels

Orbital Orbital guantum Total gquantum Intéﬁsit% ratio
number number J = (n + S) (23 + 1) /(23 + 1)
S 0] l/2 . singlet.
p 1 Lo, 32 1:2
a 2 | 30, %2 2:3
£ 3 52, 1 3:4

Energy (eV)

Figure 2.1l. Spin-orbit splittings 1in Cls' C12p' Ag3d and Auy, ¢
core levels.




2.4.3 Electrostatic splitting

This results from the differential interaction between
the extgrnalvelectrostatic field and thé spin states éf'thei
core level under investigation.325'326
have been observed for a number of systems, for example, the
5p3 levels of uranium and thorium and in some compounds of

gOlé?327,328

A definite correlation has been found betwéen
electrostatic splitting and the guadrupole splittings obtaihéd
from Mbssbauer spectroscopy,329 which arise from the interaction
of the nuclear quadrupole moment with an inhomogeneous

electric field.

The types of fine structures, which may be encountered

in ESCA, are summarised in Figure 2.12.

mst 32 { ¢3%
) 295/2 (Zw ======°5%é
@ .

2 (4) A { N7
(6) ¢ (2) — -2
n=2 | Zoije  m=2ll { olly
(8) (2) (] —— -l
20 20y m=2l/p { 2z
\ (2) (2) (2) —=l/p

Quentum N@7 R J J /mj/ mg

Type of

inci i1 - O7bi e Mulpipla?
oplitting Principel Orbitel Spin-Qrbit Electrogtatic Mulfip!

Figure 2.12. Schematic of the types of splitting encountered
: in ESCA.

Electrostatic splittings
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2.5 Energy Referencing

As it has been stated in section 2.2.1 that for samples
in electrical contact with the spectrometer} the energy
levels referenced with respect to the Fermi_ievel of the
sample are operationally convenient. However, for insulating
samples such as polymers, the Fermi level is not well defined
and, it lies somewhere between the predominantly filled
valence bands and predominantly empty conduction bands.
Consequently, the sample_charginq must be‘detected for
correction of this phenomenon, if absolute binding engrgics
are required.

Three basic situations may arise for samples studied
as solids in the spectrometer. 1In thé first, the sample is
in electrical contact with spectrometer. This is usually
the case for films deposited in situ on a conducting substrate
in the spectrometer source. Since the mean free path for
the incident X-ray beam is very large,151 depending on the
conditions, for films of the order of IOQQX to have sufficient

charge carriers to remain in electrical contact with the

spectrometer. This can most readily be the case by aoplying

a bias voltage to the sample probe.330 If the sample is in
electrical contact, the apparent shift in energy scale will
exactly follow the appliea bias. It is, therefore, possible

to study the secondary electron distribution by shifting the
position of the true zero of the kinetic enefgy scale and, this
provides a direct energy reference. If the sample has been

deposited on a substrate such as gold, it is possible to

measure the core levels of the sample whilst monitoring the.
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155 '
Au4f core level and, this provides a convenient means
7
/2

of energy referencing.

The second situation arises for thick insulating samples.
It is often convenient to study samples mounted on double
sided Scotch tape either as powder, or as discrete films.
In this circumstance, there is only a fortuitous possibility
that tﬁe samples will be in electrical contact with the
spectrometer and, in éeneral, it will be floating at sbme
potential, due to surface charging; and, indeed, this
charging process may be time dependent. if care is taken
in the measurements, the charge built up on a sample and its
time dependence may be used to investigate the electrical and

331'332 The most reliable

chemical characteristics of samples.
method of energy referencing is to follow the slow build up
of hydrocarbon contamination ét the surface. With a base

pressure of ~ 10_8 torr, the partial pressuré of extraneous
hydrocarbon material is such that taken in cohjunction with

the low sticking coefficient for most organic and polymeric

systems, it normally takes several hours before any sianal

arising ffoﬁvHQéfocarbon is épparent (binding energy 285 eV
for hydrocarbon must be independently established for a given
spectrometer., It almost certainly arises from long chain
hydrocarbon material). It is, of course, possible to
deliberately leak in straight hydrocarbon material to follow
the build up at the surface. Such material almost alWays
goes down in uniform coverage and, at submonolayer coveraqge
acquirces the same surface potential as the sample. ‘This is

" not necessarily the situation with regard to metals deposited



on the surface since there is a marked tendency to 'island'
and as such, differential charging may occur. In addition,
since gold is normally evaporated from a filament, the
possibility of surface damage, reaction or evaporation of
substrate during deposition cannot be discounted. The use of
the so-called 'gold decoration’ technique333 is, therefore,
not recommended for organic and polymeric materials. The
insulating samples provide the motivation for the use of
electron 'flood guns'334 in spectrometers employing mono-
chromatic X-ray sources. The removal of Bremsstrahlung as a
source of secondary electrons can lead to shifts in the
kinetic energy scale in the hundred electron volt range and,
can be compensated by flooding the sample with low eneray
electrons. However, the samples can become negatively charged
and the method needs great care to achieve an accuracy
comparable with that for the other methods. An alternative
source of low energy electrons is to illuminate the sample
region with ultra-violet radiafion from a low pressure, low
power mercury lamp via a quartz viewing port in the source
regién éf‘the-sﬁectroﬁétéf. Sufficient secondary electrons are
generated from photoemission, from the metal surfaces that
sample charging is reduced to a low level.

The third situation can arise for films of thickness
greater than one micron, which have been built up by deposition
on a conducting substrate. Such films behave as 'leaky'
capacitors in that they exhibit rather striking time dependent
charging and discharging characteristics and, follow an applied

bias potential in a particular manner. Since the dynamic
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equilibrium, which is established under X-ray irradiation,
invariably, produces an overall positive chaxge on the sample,
the application of a positive bias voltage causes a smaller
shift in the kinetic energy scale than thezapplied voltaqge,
whereas a negative bias voltage oproduces a larger shift in

the kinetic energy scale than the applied voltage. From a
study of these effects and from the secoﬁdary clectron
distribution, the energy reference may readily bc established.
The investigation of such effects as a function of filﬁ
thickness in the range 1 - 100 micron provides an interesting
insight into the electrical characteristics of polymer

331,332

samples and, the typical behaviour, which is observed

is shown in Figure 2.13.

Sample charging
polymer films

polymer film < 1000 A Trp——, 100p

AU

Au 0 electrical contact with probe.
Bias vottage characteristics

polymer core levels.

Q—V—JM R
N “ /
STV I v/

Figure 2.13. Typical sample charging characteristics for

polymer films.
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The enerqgy reference in each case for the measurements
described abové is the Fermi level. Althouqgh the cxact
location of this level in relation to the valcence and
conduction bands is generally unknown for polymers, it 1is
possible for an 'insulator' to be in electrical contact with
the spectrometer (i.e. their Fermi levels are the same).
Despite the difficulties associated with defining an analytical
expression for the Fermi level of an insulator, the usé of
the Fermi level as an energy reference is operationally
convenient. If the work function of the insvlator is known,
one can calculate the binding energy with respect to the
vacuum level.

Although sammle charging has been regarded as somewhat
of a nuisance, which must be circumvented, recent work has

335,336
shown

that sample charging is an interestina
phenomenom in its own right and in appropriate cases provides
an important means of studying photoconductivity in polymer

films.

2.6 Signal Intensities

Figure 2.14 illustrates a schematic representation of the
. general geometry of the ESCA experiment, employing a fixed
arrangement of analyser and X-ray source. hv represents the
incident X-rays and e the fraction of the photoelectrons
entering the analyser. ¢ is the angle between the X-ray
source and the analyser entrance slit and, ¢ describes the
angle of the samnle in relation to the analyser (low valucs
of 0 approximately equal to zero correspond to grazing

incidence of the X-rays and, hiagh values of ¢ aoproximately
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Analyser

Figure 2.14. Schematic representation of the sample geometry
relative to the X-ray gun and analyser.

equal to 90° correspond to grazing exit from the samplc of

the photoemitted electrons, which are analysed). The S
parameters affecting the signal intensities are discussed

in the proceeding sections.

2.6.1 Fixed angle studies

For an 'infinitely thick' homogeneous sample, the intensity
(T) of the elastic (no energy loss) photoionisation peak

: . . 37,5
from a corce level (i) is expresscod as:3 7,338

dr ., o e N K e /)\i (I» (2.1%5)
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where Ii is the intensity arising from the core level i,
FF is the exciting photon flux,
d, is the number of atoms per unit volume, on which
the core level is localised,
ki is the spectrometer factor, and
Ai is the electron mean free path.

Integration of equation (2.15) gives:

Qo —X/A
éFuiNiKie 1 dx (2.16)

t—
Il

=
I

Fo . N.K, A, (2.17)
iitid

The various factors and parameters governing the intensity
of a given signal in ESCA are discussed individually in the
ensuing discussion.

The X-ray flux (F) is primarily dependent on the power
applied to and the efficiency of the X-ray gun. However, the
angle of incidence ¢ of the X-rays and the anélyser and 0 do
have an effect on the intensity of the photoionisation peak.

The cross—section (ui) for photoionisation of core level
(i) is a parameteffwwh;gh describesf%hg probability of the
core level being ionised, when irradiated by a photon of
known energy339 and, includes only the fraction of the total
number of electrons photoemitted within the angle of
acceptance of the analyser focussing lens. a; is a function
of the core level to which, it relates and of the energy of
the incident photon. o, values can be calculated from the
fundamental properties of the atom340 or determined experimentally

152
from gas phase ESCA experiments. The geometry of the X-ray
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source with respect to the analyser entrance slit affects

oy values but o is normally constant for a particular
spectrometer with the same X-ray source and a fixed value ofl
¢. It has been well established that the cross—-section, in

the dipole approximation, for randomly oriented polyatomic

molecules and unpolarised light is of the form:34l,342
_TOT 1, 2 |
oy = a; /4n[l - g8, (3cosTy - 1)] (2.18)

4
where Bi is the asymmetry parameter3 3 of the core level

TOT

and ol is the total cross-section of the level. With

Mg and Al , the cross-sections for photoionisation of
kul 2 kal 2
[ 14

core levels of most elements in the periodic table are within
two orders of magnitude of that for the Cis levels; and,
therefore, the ESCA has a convenient sensitivity range for
all elements. The cross-sections for core levels are
generally considerably higher than for valence levels.

The spectrometer factor (Ki), which varies from one
instrument to another, depends on the detector efficiency,
transmission characteristics of the analyser - which are both
-dependeﬁf bh fhe kinetic égef§§7df'the core electrons being’
analysed, and geometric arrangement of the sample chamber
(i.e. angle of acceptance by so0lid) to the analyser.

The electron mean free path (Ai) of photoemitted electrons
(alternatively referred to as the escape depth) is the
distance in the solid through which the electrons will travel
before l/e of them have not suffered energy loss through
inelastic collisions. The values of electron mean free path

have calculated theoretically344 and determined
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345, 346 The mean free path is a function of

experimentally.
kinetic energy of the photoemitted electrons and ranges from
n 48 for electrons of approximately 80 eV kinetic energy to
n 308 for electrons of approximately 1500 eV.

The sampling depth is defined as the depth from which

95% of the signal comes from a given core level and is

related to A by:
Sampling depth = -Xtn0.05 = 33 (2.19)

If the photoelectrons are emitted from a depth (d) of the

sample, their true path length (d') will be:
d' = dcoso - (2.20)

(see Figure 2. 14).

As an example, for the carbon ls level investigated by a
Mgkal , X-ray source, the kinetic energy of the photoelectrons
is éGO eV and the mean free path of the electron is « lOX.
50% of the signal seen by ESCA is derived from the outermost
7% and 95% from the top 308. This, clearly, illustrates the
high éﬁrfécéw;éhsitivity of the ESCA.

Ni is the number of atoms per unit volune on which the
core level is localised. The most significant property of Ni
is that the relative signal intensities for core holes in a
homogeneous sample are directly related to the overall
stoichiometries of the atoms in the sample. This is due to
the fact that the peak intensity from a given core level is
directly proportional to the number per unit volume of the

atom in the sample,166
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Ii FaiNiKiAi '
T~ Fau.N.K.h. (2.21)
J 3 3 3

where I.l and Ij correspond to the core level intensitics.
If i and J are core levels of the same atom,.then the state

of equation (2.21) becomes:

T,

i _
= = (2.22)

Eﬂ Z
b

] J

If i and j are different core levels then Kiu:ki # Kjujkj and

Coe A
RER s kb L (2.23)
Nj Ij Kiaiki
K-ujk.
The ratio —2 A] is known as the sensitivity factor, which can
QO .
1717

be determined from known samples of simple stoichiometry. These
ratios vary from one spectrometer to another and, thercfore,
must be determined for the particular spectrometer.

2.6.2 Analytical depth profiling

It is often important to investigate samples for which
"the surface is not representative of the bulk that a single
rhomogénedus component of>£hickneéé-kd) ié present on a
homogeneous base, as is illustrated in Figure 2.15. The
intensity of the signal arising solely from the overlayer can
be expressed by integrating equation (2.16) between x = O and
x = d.

d

. A
?Ver = Fo  N,A, (L - e /
i i’

1

I i) (2.24)

Similarly, a solution for the signal intensity arising

from the substrate is obtained.
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I

Figure 2.16 illustrates a general correlation between the
electron mean free path and its kinetic energy. In the energy
range of interest to ESCA (greater than 300 eV), the mean
free path increases with increasing kinetic energy. As a
consequence of this increase in mean free path and, hence,

. the effect of Aj on th@ﬁip§§n§i§1”§¥j) from the sgbstrgﬁe,mtﬁ?
attenuation of a signal arising from a core level in the
substrate by an overlayer is dependent strongly on the

kinetic energy of the photoemitted electrons. Thus a non-
fluorine containing overlayer on a fluorine containing

substrate will result in a decrease of F /FZS ratio since the

ls
kinetic energy and mean free path of the FZs photoemitted
electrons are greater than those for the Fls photoelectrons.

In order to analytically depth profile a sample, it is,
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Figure 2.16. Mean free paths of photoemitted electrons.

therefore, necessary to obtain accurately the electron mean
paths at the kinetic energies of interest, in the materials
being investigated.

2.6.3 Angular dependence of signal intensities

The use of angular studies to delineate -he surface and
subsurface is-a Qell establisﬁéé‘techniqué, and is used
extensively in this laboratory.347 The Figure 2.17 draws
a comparison between a narrow X-ray beam and a beam, which is
broader than the width of the sample (w). For a narrow beam,
the total flux hitting the sample is not affected by varying o.
However, with a broader beam, the total flux hitting the sample
varies wsin®; and, therefore, this effect tends to increase
the signal intensity as the 0 is increased. PFor a given value

of 0, the entrance slit of the analyser allows the photoemitted
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Figure 2.17. Narrow and wide X-ray bean.

electrons from a sample area proportional to wcos8. As 0 1is
increased, this effect tends to decrease the signal intensity.
The convolution of these two opposing effects produces an
overall function of 6 (fi(e) for a core level (i)), which
exhibits a maximum value. Equation (2.17), therefore, takes

the fofmlbf:

I, = f (6)Fa.N.K. ), ' (2.26)
1 1 1 1 1 1

where fi(e) can be determined empirically. The addition of

angular effects into equations (2.24) and (2.25) gives:

~1

_d .
1OVeTe _ £ (0)Fa.N.K. 2. (1 - e 77 cos?)  (2.27)
1 1 1 1 1 1
subs ’d/x
T "= f (0)Fu.N.K.).e i cosh (2.28)

] ] J 333

‘D
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Further detailed information of these angular phenomena

can be found elsewhere.33l'347

2.7 Line ShaEe Analysis

The larger inherent width of the core level than the
chemical shift of that level arising in ESCA mcasurements, has
led to the need for an accurate line shape analysis for
delineation of core environments within a given envelope.155
The major contribution to broadening line-widths arises from
the less efficient monochromatisation of the X-ray photon
source, although, with efficient monochromation of X-ray
radiation, the need for such analysis may well disappear.
However, a precise method of analysis remains a necessity with
present instrumentation to make full use of the available
information levels from ESCA.

The measured line-widths for core levels (after taking
into account spin orbit splittings, if theée are not resolved)
may be expressed as:

(AEm)2 = (AEx)2 + (AES)2 + (/\Ecl)2 (2.29)

where, AEm is the measured width at half height, so-called
full width at half maximum (FWHM) .
AEX is the FWHM of the X-ray photon source
AEs is the contribution to the FWHM due to the spectrometer
(i.e. analyser), and
AEcl- is the natural width of the core level under
investigation (for solids, this includes solid state
effects not directly associated with the lifetime of
the core hole state, but rather with slightly differing

binding energy, due to differences in lattice environment)
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1,2 kay 2

from the standpoint of keeping the contribution of Ex to the

Mgka and Al are the most useful photon sources

total line-width small. With well-designed magnectic or
electrostatic analysers, the contribution Alls can be reduccd
to negligible proportions so that the major limiting factors
in terms of resolution are photon line-width (which may be
reduced by monochromatisation of X-ray radiation) and the
inherent width of the level itself. For solids in which
longer range interactions are important (e.g. ionic lattices
or hydrogen bonded covalent solids), solid state effects
can contribute to the overall line-widths. vSome.examples
of natural line-widths (AEcl), derived from X-ray spectroscopic
studies are given in Table 2.4. The uncertainty principle
in the form AE At > g% shows that for a core hole state with
lifetime of ~ 6.6 X 10_16 seconds,348 the line-width
(uncertainty in the energy of the state) is ~ 1 eV.

It is clearly evident from Table 2.4 that there are large
variations in natural line-widths both for diZferent levels
of the same element and for the same levels of different
éiéﬁéhfé. These reflect differences in lifetimes of the hole.
state, the lifetime being a composite of radiative (fluorescence)
and non-radiative (Auger) contributions, the importance of
the former increasing with atomic number. This emphasises the
fact that there is no particular virtue in studying the inner-
most core level. For gold, as an example, the FWHM of 54 for
the 1s would swamp any chemical shift.

It has been well substantiated that the contributions to

the AEm from ALs are essentially Gaussian line shapes and arc



Table 2.4

Approximate natural widths of some core levels (eV)

Level . : Atom
S Ar Ti Mn Cu Mo Ag Au
ls 0.35 0.5 0.8 1.05 1.5 5.0 7.5 54
w@w\m 0.10 - 0.25 0.35 0.5 1.7 2.2 4.4
Radiative width  1s 0.04 0.07 0.2 0.33 0.65 3.6 6.0 50
Fluorescence yields LIs 0.1 0.14 0.22 0.31 0.43  0.72 0.8 0.93
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primarily due to analyser, focussing and detector imperfections;
whereas for the Ecl, the coﬁtributions are considered to be
Lorentzian, being dependent upon the Auger and X-ray fluorescence
processes, upon photoionisation of a core level. The

convolution of these shapes produces a general line-shape with
Gaussian characteristics152 and the Lorentzian character in

the tails. It is believed that the use of pure Gaussian

shapes introduce only small errors and, therefore, this forms

the basis of most analogue techniques.

Deconvolution procedures may be classed into two main

categories:
. . , 349
(1) Deconvolutions by mathematical enhancement;
(ii) Curve fitting by simulation, either in analogue

or digital fashion.
The curve fitting procedure demands a close control over
a number of variables such as binding energy, line-width and
peak height. These parameters are most conveniently controlled
in the analogue mode; and, the work in this thesis is

predominantly based on this method, using a DbubPont Curve

Reséiver;(Méael 310) . The basic approach to curve simulation
is outlined in Table 2.5.

Caution is required, when using either form of deconvol-
ution method, as it is often possible to obtain more than one
solution. When dealing with complex line-shapes, a knowledge
of prototype systems is imperative such that the solution is

one, based on the chemical unigqueness.
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Table 2.5 -

Line mﬁm@mwmde%mHm by curve fitting; schematic of logic procedure

General background knowledge of the system to be studied

From model compounds establish (i) binding energies

. 4

[

> (ii) FWHM and 1line shapes of likely structural

FWHM. Compare with

theoretical models

features
| | |
No solution possible Fit spectral envelope using peak - No solution possible from
from existing models height as the primary variable and any reasonable models
binding energies within limits u \H
NV ! m
Unique solution Several solutions & , Fill in envelope with extra
T Eliminate any which peaks and vary FWHM within
(i) are not chemically unique limits, of existing peaks
(ii) are not chemically unigue
(iii) do not agree with data, not dependent on line shape analysis
Determine peak areas, Determine centroids Approximate No solution available
binding energies and of unresolved features moHGﬁWODm from ESCA data
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2.8 ESCA Instrumentation

The ESCA instrument, essentially, consists of an
exXcitation source, an electron encrygy analyscr, and an ult ra-
high vacuum system. A schematic representation of the
essential components is given in Figure 2.18. In addition to‘
these basic requirements, most spectrometers also possess
ancillary experimental facilities, which enhance their

analytical capabilities, as well as an array of sophisticated

Collector
Slit
Am‘plifier & rate-meter e
M x-y recorder ( ‘
Filament

Figure 2.18. Schematic representation of the ESCA
' instrumentation. :



electronics to aid data acquisition, processing and display.
The work in this thesis was carried out on an A.E.I. ES200
AA/B spectrometer, although a custom-designed Kratos ES300
spectrometer, fitted with a Mg/Ti dual anode was also used
for preliminary examinations.

The description of the spectrometer can be divided
under four headings:

(i) X-ray source;

(1) Sample chamber;

(iii) Electron energy analyser;

(iv) Electron detection.

2.8.1 X-ray source

Conventional X-ray sources operate on the principle of
X-ray emission. Electrons from a hot cathode (usually a
tungsten filament, resistively heafed to v 25000K) are made
to impinge upon a water-cooled solid anode, de-excitation of
which produces X-rays of characteristic energies. A typical
non-monochromatic X-ray spectrum is shown in figure 2.19.
The spectrum consists of characteristic lines of the anode
" material, superimposed on a continuous spectrum
(Bremsstrahlung),350 the shape of which depends only on the
energy of the incident electrons striking on the anode, and
not on the anode material. The cutoff frequency (vo) is
proportional to the electron kinetic energy (E) in equation

(2.30) ;
hy = E (2.30)

where h is Planck's constant. The total X-ray energy per
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Figure 2.19. X-ray spectrum of a tungsten anode.

electron (ET) is related to the integral over all of the

continuum and is given by:

2 ' '
ET = KZE (2.31)

where K = 0.7 x 10—4, when E and E_, are in MeV, and Z is the

T

atomic number of the anode. The fraction of the electron

kinetic energy converted into X-ray energy is:

Ep = kzE (2.32)

/E

E . -3
For a magnesium anode and voltage of 12 kV, T/E is only 10

Q

0 .
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The most commonly used targets are magnesium (characteristic
kullzlx—ray energy of 1253.7 eV) and aluminium (characteristic
kul,Z X-ray energy of 1486.6 eV), which produce X-ray line-
widths of 0.7 eV and 0.85 eV respectively. It is often
desirable to use the harder X-rays such as Cukq (hv = 8048 eV)

and an intermediate energy source, Ti

(hv = 4510 eV) for
ko _

some applications.

The ES200 instrument employs a Marconi-Elliol type GXS
high voltage generator with integrally variable véltagc (O -
60 kV) and current output (O - 80 mA). The X-ray source
consists of an unmonochromatised magnesium anode of the Henke
hidden filament design,35l which reduces the risk of
contamination of the target by material, evaporated from the
electron gun filament. The X-ray flux is of the order of
0.1 millirad/sec., which is essentially non-destructive for
most polymeric systems. A thin aluminium window isolating
the target from the sample prevents the interference of
electrons from the filament. The risk of scattered electréns
exciting X-ray radiation from the aluminium window is reduced
by operating the filament at slightly positve potential (+10 V)
and the anode at very high positive voltage.

The ES300 has a smaller solid state high voltage generator
with variable voltage and current output; and, is fitted with
magnesium and titanium dual anode targets and a monochromatised

Al " X-ray source. The monochromator for the Al uses
ka _ Ko

1,2 ,2

)

1
slit filtering and diffraction technique from the (1010) plane
of quartz at the Bragg angle of 78.3° to eliminate the

satellites and the continuum for the production of pure kwl 5
r
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radiation.

The difficulties in finding a suitable crystal with the
appropriate lattice spacing for monochromatisation of Mgku
radiation have prevented a more widespread use of mono-
chromatised X-ray radiation.

Figure 2.20, however, illustrates three tcechniques
available for Alk“ monochromatisation. These are (a) slit
filtering; '(b) dispersion compensation, and (c) fine

focussing, all using crystal diffraction of the X-ray radiation

A B C
SLIT- FILTERNG DISPERSION COMPENSATION FINE -FOCUSSING
CRYSTAL CRYSTAL CRYSTAL
e FINECN
b} 2 R z
ANODE & saPLE 7 SAMPLE
POVER LOAD ROT- ANODE
O ANODE
P“TN A JSETTRRRER, < —_ o —
X RAY LIKE h

1
PROFILE [
]

INTENSITY zritzzh o

AFTER MONOCHR. "

I S

01 08

P —

\4

— o —

%

APPROX. EFICIENCY

Figure 2.20. Monochromator designs for Alka monochromatisation.
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and, these techniques can, in principle, attain ultimaté
line-widths of 0.2 eV. The fine-focussing technique uses a
high power eléctron gun and requires a rotating anode (5 -
10,000 revolutions per minutg).

2.8.2 Sample chamber

Figure 2.21 is the general format of an ES200B spectromectcr,
showing the relative positions of the sample. analyscr and
X-ray sources equipped with monochromator.

The chamber is accessed by several ports for sample
introduction and treatments. Fast-entry insertion locks allow
rapid sample entry into the sample chamber. The sample
mounted on a probe tip (typically 18 mm x 5 mm), using double
sided Scotch tape, is pushed through the insertion lock to the
high vacuum chamber for analysis. Purpose-built reaction
chambers may be attached to the source chambers via an insertion
lock and, this provides facilities for 'in situ' trcatment of
samples.

The ES200B has a base pressure in the range 10~ torr,
achieved using cold-trapped diffusion pumps backed by rotary
pumps. Whereas, the ES300, possesses a permanently mounted
preparation sample chamber, pumped by a diffusion pump, the
source and analyser regions are independently pumped by an
Alcatel electric turbomolecular pump with pumping capacity of
350 litres per second. The base pressure is typically of the

order of lo_9 torr.
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Figure 2.21. General layout of the AEI ES200B spectrometer.

2.8.3 Electron energy analyser

The analyser on the ES200B is a hemispherical double
focussing electrostatic analyser, which was originally
described by Purcell,352 enclosed within two mu-metal shields
for protection from external‘magnetic interference. The

resolution of the hemispherical analyser depends on the:
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(1) mean radius of the hemisphere (R)
(ii) width of the entrance slit, and
(iii) width of the exit slit.
The resolution (AE/E), where E is the energy of.the elgctrons
is AE/E = R/w, where W is the combined width of the ehtrance
and exit slits. It is, therefore, quite clear that the
resolution can be improved by:
(1) reducing the slit width, which decreases the
signal intensity

(ii) increasing the hemispherical radius, which, in turn,
increases the engineering cost ard pumping
requirements, and

(1ii) retarding the electrons before entry into the

analyser.

A reasonable compromise is made on the slit widths to
obtain sufficient signal intensity and on the size of the
hemisphere to prevent mechanical distortions and to minimise
the enginéering costs. A rétarding lens assembly slows the
electrons down before entering into the analyser thus allowing
more flexibility on the resolution, and allows the analyser to
be situated at convenient distance physically from the source
chamber, which permits a maximum flexibility in sample
handling.353

The electrons passing through the analyser with the
required kinetic energy can be focussed at the collecﬁor by
either of two methods:

(1) Scanning the retarding potential applied to the

lens while keeping the potential constant between
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the two hemispheres, or
(ii) Simultaneously scanning the retarding potential
applied to the lens and the hemisphcrical potential,
and keeping a constant ratio betweeh the two.
The first method of fixed analyser transmission (FAT) has
a greater sensitivity at low kinetic energies (less than
500 eV), whereas the second, fixed retardation ratio (FRR)
possesses a greater sensitivity at higher electron kinetic
energies. The FRR mode employed on ES200B is used in this
thesis.

2.8.4 Electron detection and data acquisition

The electrons of pre-selected kinetic encrygy pass through
the exit slit of the analyser into an electron multiplicr.
The output pulses from the channel multiplier are amplified
and processed in a data handling system. The spectra can be
generated by one of two methods:
(1) The continuous scan, where the electrostatic field
is increased from the present starting kinetic
energy continuously while the signals from the
multiplier are monitored by a rate meter. A graph of
the electron counts per second versus the kinetic
energy of the electrons is plotted directly onto an
X-Y recorder.
(ii) The step scan, where the field is increased by
preset increments (typically 0.1 eV) and at eéch
increment, (a) the counts may be mecasured for a
fixed length of time, or (b) a fixedAnumber of counts

may be timed.
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The data obtained from the step scans is accumulated
in a multichannel analyser or by thé use of a mini
computer (floppy disc). Many scans can be
accumulated in this manner to average random
fluctuations in background, thereby, enhancing the
signal to noise ratios.

In both continuous and step scan modes, whefe the data
acquisition is a relatively long process (e.g. an hour), care
must be taken to avoid long term sample changes. For example,
time dependent sampling chérging and hydrocarhon contamination
(which the latter may alter the peak ratios) may produce

erroneous results.

2.9 Sample Handling

2.9.1 Solid samples

Solids, available as a powder, are often convenient to
study them as such by applying the powder to double sided
Scotch tape, mounted on the sample probe. Care 1is taken in
this approach that the extraneous signals are not observed
from the sample backing and, also, that no chemical reaction
occurs between the sample and substrate. The incomplete
coverage and uneven surface topography of samples prepared in
this way, generally, lead to lower signal/noise ratios than
samples studied directly as films. A more saﬁisfactory method
involves deposition of a thin layer of the sample onto a gold
substrate (for insfance, from a suitable solvent or through
sublimation). Small strips or wires may be held in a chuck and,

powdered samples may be directly mounted by pressing into a



metal gauge or piece of soft metal foil such as lead or
indium. The volatile solids are usually sublimed from a
capillary tube (which may be heated) onto a cooled probe tip.
2.9.2 Liquids
In principle, solids, liquids and gases can bc studied
by ESCA, but the limitations of instrument design, usually,
restricts the range to low vapour pressure solid samplés.

Although the development of liquid studies is still in its

91

. 54 . L .
1nfancy,3 the only technique presently viable on commercially

available instruments involves the injection of the liguid
into a heatable (25 - lSOOC) evacuated reservoir shaft,
followed by diffusion of the vapour through a metrosil leak
and subsequent condensation onto a cooléd gold strip. Since
the sample surface is continually renewed, the contamination
and radiation damage effects are, therefore, further
minimised.

Siegbahn has developed two techniques, where liguids and
solutions may be studied as sublimeter beams,355 or as a film
on a wire loop passing through the X-ray beam parallel to the
analyser entrance slit.BSO

A typical ESCA probe, on the AEI ES200B and Kratos ES300
spectrometers, has the facility for heating or cooling the
sample. The samples of low vapour pressure are heated by
means of conduction from a thermostatically controlled heater;
whereas, cooling is carried out by pumping liquid nitrogen
through the probe, thus énabling the study of samples, which

are volatile in ultra-high vacuum chamber.
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.3 Gases

Gases may be studied either by condensing onto the cooled

probe, or in the gaseous phase for which special gas cells

have been developed. Studies of molecules in the gas phase

160

have the following advantages:

(1)

No inherent broadening of the levels due to solid
state effects,

Sample charging problems are removéd,

Increased signal to noise ratio,

Radiation damage, if it occurs, is of no importance
unless the sample is recirculated,

By mixing with standard gases, péaks may be readily
calibrated,

Inelastic losses and shake-up and shake-off processes
may be distinguished by varying the sample pressure,
Direct comparison with theoretical calculations is

simplified.

2.10 General Aspects of ESCA

ESCA i1s an extremely powerful tool with wide ranging

applicability. The principal advantages of the technique may

be summarised as follows:

(1)

(2)

(.3)

The sample may be solid, liquid or gas and sample
sizes are small, e.g. in solids, lO—3 g, 0.1 nl
ligquid and 0.5 cm3 of a gas at STP;

The technique is essentially_non—destructive since

the X-ray flux is small (0.1 millirad sec. " );

The technique is independent of the spin proverties of



(4)

(6)

(9)

(10)
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the nucleus and can be used .to studf any element bf
the periodic table with the exception of hydrogen
and helium. These are the only elements for which
the core levels are also the valence levels;
Materials may be studied 'in situ' with a minimum
of preparation;

The technique provides a large number of information
levels from a single experiment as displayed in
Table 2.6;

ESCA has a higher sensitivity than many other
analytical techniques as éhown in Table 2.7{

The data is often complementary to that obtained

by other téchniques;

For solids, ESCA has the capability of differentiating
the surface from subsurface and bulk phenomena,
allowing analytical depth profiling;

The information relates directly to bonding and
molecular structure and applies to both inner and
valence orbitals of the molecule. This allows a
thorough analysis of electronic structure of the
system to be made;

The information levels are such that 'ab initio'

investigations are possible and the theoretical basis

is well understood.

The disadvantages of ESCA are surprisingly few:

(1)
(2)

The overall costs are gquite high;
While the technique has superior depth resolution,

g ZOOX, the spatial resolution is poor and an area of



0.3 cm2 is normally sampled;
If the surface differs from the bulk, then it is not
possible to say anything about the bulk structure

by means of ESCA without sectioning the sample.

V4
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Table 2.6

The hierarchy of information of levels available in ESCA

(1)

(2)

(4)
(5)

Absolute binding energies, relative peak intensities,
shifts in binding energies. Elemental mapping of solids,
analytical depth profiling, identification of structural
features, etc. Short-range effects, longer-range effects
indirectly.

Shake-up/shake-off satellites. Monopcle excited states;
energy separation with respect to direct photoionisation
and relative intensities of components of 'singlet and

triplet' origin. Short and longer range effects

directly. (Analogue of uv.)
Multiplet effects. For paramagnetic systems, spin state,

distribution of unpaired electrons.

Valence energy levels, longer range effects directly.
Angular dependent studies. For solids with fixed
arrangement of analyser and X-ray source, varying take-
off angle between sample and analyser provides means

of distinguishing surface from subsurface and bulk
effects. For gases with variable angle between
analyser and X-ray source, angular dependence of
cross-sections, asymmetry parameter 8,343 symmetries

of levels.
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Table 2.7

Sensitivities of various analytical techniques

Bulk Techniques Minimum Detecctable
Quantity (g)
Infrared absorption 10—6
Atomic absorption lO—9 - 10—2
Vapour phase chromatography lO—3 - lo—7
High pressure liquid chromatography lO-6 - lO—9
Mass spectroscopy 10-9 - 10_15

Surface Techniques

“lc
ESCA 109
. . . =12

Neutron activation analysis 1O
-7

X-ray fluorescence 10
-15

Ion scattering spectrometry 10
. . -14

Auger emission spectroscopy 10
-13

Secondary ion mass spectrometry 10



CHAPTER THREE

AN ESCA INVESTIGATION OF A SERIES OF

NATSYN 2200 CURED ELASTOMERS

PART 1



3.1 Introduction

The long history of successive improvements and
developments in the properties of natﬁral rubber (NR) bhrought
about by vulcanisation with sulphur have led the basic process
of vulcanisation to a‘high degree of refinement and versatility,
whereby natural rubber and other synthetic rubbers can be
vulcanised in various forms at temperatures ranging from

ambient to ZOOOC.l'z’lO’Bl’63

A conventional high sulphur-

low accelerator system produces a high percentage of poly-
sulphide crosslinks, which impart excellent strength and
fatigue properties at the expense of resistance to compression
set, cure reversion, and thermal and oxidativa aging; whercas,
high accelerator-low sulphur systems producing mainly mono-

or disulphide crosslinks possess a greater resistance to
reversion and aging, but inferior mechanical

PrOperties.l’2'47r48,3Ol

Vulcanisation is usually affected
industrially by heating the mechanically plasticised rubber

with sulphur and auxillary vulcanising agents (organic

accelerators and metal oxides - preferably zinc oxide) and by
long chain fatty acids (stearic or lauric acid), or the zinc
soaps of these acids. (It is worthwhile noting that the

elastomeric samples kindly provided by Dunlop were vulcanised
by heating the premixed ingredients on a calendering system at
150°C in air, with a 2 mm nip setting to draw into sheets.)
Despite the scientific and technological importance of
elastomers and the numerous investigations, which have been
conducted in a wide variety of areas, such as the effect of

sulphur vulcanisate structures on the mechanica]J'46-48’63
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properties, and characterisation of 'sulphur-vulcanisates',

91,95-97

using chemical reagents (chapters one and nine), and

physio-chemical techniques (infrared and NMR spectroscopies -
the latter employed only in the last few yearé),107’115_127
the fact is that there are a number of fundamental questions,
which remain unanswered with regard to both the surface and
bulk chemistry of sulphur-vulcanised systems. The predominant
emphasis in the literature has been bulk analysis by the usual
chemical and physical methods,106 however, there has becn
very little or no work on surface analysis of industrially
important elastomers;ZB4 and, therefore ESCA offcrs the
excellent possibility of undertaking such surface studies.
Although, it may be anticipated that the very complex nature
of elastomers, due to the presence of various additives in
the system, may lead to difficulties or ambiguities of
interpretation. The large volume of ESCA background
information available at Durham make an investigation of the
changes in surface chemistry, as a function of cure worthwhilc
at this time, if only from an empirical basis beccausc of tho
paucity df alternative data in the literature.

Since the environmental modification of the clastomers
is of considerable industrial and technological importance
and since all solids communicate with the rest of the universe
primarily by means of their surfaces, the detiiled knowledge
of surface structure is of paramount importance in any detailed
discussion at the molecular level of many important phenomena

such as delineating the aspects of structure and bonding, which

are of crucial importance in determining many of the physical,
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chemical, mechanical and electrical properties. A recent
example of this genre is the important work of Van Ooij362

on the interface of vulcanised rubbers with brass coated

steel cords, which circumscribes adhesion problems encountered
in the production of steel belted radial tyres.

Clark and coworkers have shown in an extensive series of
publications, how ESCA may be applied to investigate the
structure, bbnding and reactivity at polymer surfaces.229_235
The strong dependence of mean free path on the kinetic energy
of the photoemitted electrons enables differentiation of the
surface, subsurface and bulk. This and the subsequent chapters
(four and five) are exclusively concerned with an ESCA
investigation of the as received elastomers, as a function of
cure time, as a preliminary to applying plasma techniques
(chapters six and seven) to the elaboration of crosslink

functionality.

3.2 Experimental

(i) Samples of raw Natsyn 2200, and the Natsyn partially
and fully cured systems shown in Table 3.1 were
prepared by Dr. M. Kirkham, and were received in
Durham with protective sheets of either pigmented
polyethylene, (cured samples) or polyethylene-
terephthalate (uncured Natsyn 2200).

(i1) The samples have been studied by ESCA over a period
of time, however, preliminary experiments revealed
that the dissolved air in the uncured system rapidly

exploded the samples on introduction to the high
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Table 3.1

(a) Natsyn 2200 Sample Formulations

1 2 3 4
Natsyn 2200 / / y Y,
(cis-polyisoprene)
Zinc oxide v v v/ -
Stearic acid v/ v v/ -
CBS v/ - v -
Sulphur v/ - J/ -
Permanax B v v/ v/ | Y
TMTD | - J / -
Dicup R - - - v
Cures at 150°C
50% (partial) 15 5% 8L

minutes

100% (optimum)

o 3o N
minutes 25 25 20 120

CBS Cyclohexylbenzthiazyl sulphenamide
Permanax B Acetone/diphenylamine condensate antioxidant
TMTD Tetramethylthiuram disulphide

Dicup R Dicumyl peroxide

(b) Raw polymer

Cis-polyisoprene Zn0O Stearic acid CB3 Sulphur

Permanax B TMTD Dicup R




(1ii)

(iv)

(v)
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vacuum system of the spectrometer, causing on
several occasions contamination of the window.
Attempts at cooling the samples, prior to
introduction into the spectromceteisr high vacuum
system (to ~ 170K), did not prove successful, and
it is clear that the trapped air bubbles in the
samples cannot readily be removed.

The only spectra, which have been recorded for the
uncured system, have been those of a residual

film adhering to the PET film since removing this
film results in cohesive failure'in the rubber
layer.

In all cases, the samples have been handled in air.
The cured systems were cut to a size with a pair
of scissors, care being taken not to contaminate
the surface of the sample, during this procedure.
Samples were cut to a size (20 mm x 6 mm x 2.5 mm)
appropriate for mounting onto the spectrometer
probe tip. In the case of the uncured rubber, the
production of samples of the'appropriate size
presented some difficulties, owing to the tack and
high viscoelasticity of the material. Attempts at
freeze microtoming were not noticeably successful,
and the samples were, therefore, again prepared by
cutting samples (with difficulty) of the appropriate
size by means of a pair of scissors.

Samples for Multiple Attenuated Infrared

spectroscopic examination were also prepared by
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cutting from the original sample, a section of
the appropriate size to place agaihst either a
Ge or KRSS5 crystal.

(vi) The IR data and also limited studies, which have
been made using solid state 13C NMR spectroscopy,
are discussed in detail at a later stage of this
chapter.

(vii) The ESCA examinations have been cérried out, using
either a Kratos ES300, or AEI ES200A/B electron
spectrometer in each case with a MgKul , X-ray
source. In either case, spectra were éecorded in

the Fixed Retardation Ratio (FRR) mode, and under

the conditionsg of these experiments, the Au4f
7

/2
level at 84 eV, used for energy calibration had a
FWHM of ~ 1.2 eV. For spectra recorded on the
Kratos ES300, take-off angles of 30° and 50°
were employed, whilst for the ES200A/B, take-off
angles of 30° and 70° were used (a take-off angle
8 = O corresponds to exit normal *to the surface,
whilst a higher take-off angle emphasises surface
features). A comparison of the data at the two
different take-off angles provides information,
therefore, on the vertical homogeneity of samples.
(viii) Line shape analysis, and area ratio measurements
have been obtained, using either a Dupont 310 curve

resolver in analogue fashion, or digitally with an

Apple ITI plus microcomputer with the graphics tablet.
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Swelling tests were carried out oun the cured
samples according to the following procedure.
Equal volumes of a range of solvents of known
solubility parameters were added into differcnt
sets of two bottles, each set containing known
masses of cured elastomer (Natsyn 2200, type 1).
The stoppered bottles were left for two weeks to
establish the equilibrium at ambient temperature.
Solvents were poured off, and the remaining swollen
elastomer in each bottle was weighed before and
after drying, for an estimation of sélubility
parameter. |

Microanalysis

(a) 'Wet-ashing' method

4 cm3 of concentrated H2504 was added to a
beaker containing an accurately known mass (ca.
0.3 g) of elastomer followed by 1 cm3 of concentrated
HNO3 acid. The contents were mixed with a glass
rod and heated gently on a hot plate until all
the organic matter had been destroyed by wet-

ashing with H,SO,-HNO, acids. The pale yellow

2574 3
solution obtained after destroying the organic
matter was heated strongly before cooling. 25 cm
of water was added and boiled for about two
minutes.

The final colourless solution containing the

elastomer gradients was further diluted with

water for filtration and the filtrate was transferred
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to a 50 crn3 and made up to the mark with walcr.
The absorption spectra of elcmenls were
detected using atomic absorption/atomic emission
spectrometry and the concentration of each element
was determined from standard elemental absorption
spectra.
{b) 'Combustion method' - involves the combustion
of an accurately known mass (2 mg) of material in
an oxygen atomosphere, using Perkin Elmer
Elemental Analyser (Model 240). The concentration
of an element is determined from standard elemental
spectra.

ESCA studies of model systems

(a) Powders

The model systems available in the form of a
powder, such as accelerators and activators, were
examined at approximately 190K, by mounting onto a
double sided 'Scotch' tape, and then tapping off
the excess powder that has not adhered.

Care was taken to avoid the incomplete coverage
of a tape, which would conceivably result in
extraneous signals, arising from the tape backing.
Spectra obtained in this manner tend to have higher
noise/signal ratio than those obtained using the
sheet/film, and, therefore, this results in broader
photoionisation peaks.

(b) Liquids

Detailed examinations of commercial poly-
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sulphides, in the form of a liquid, as a function
of times in the plasmas, are provided in chapters
six and seven.

(xi1i) Background information on the samples

The full details of the compound Formulalions
together with curing times for diffcrent types of
Natsyn 2200 elastomers are shown in Table 3;12.

The premix of ingredients achieved either in
a banbury or two roll mill system is fed into 3/
more roll calendering system with a 2 mm nip setting

to draw into sheets.

, Roll Calender

The sheet passes through three svccessive nips

which further mixes and reduces it to a prescribed
gauge. The transfer of a sheet trom one roll to

the next roll is accomplished by various combinations
of temperature differential, speed differential

and surface-finish differential. The sheet is
stripped by a higher-speed roll, which can be also

~used to stretch the sheet and to give further
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reduction in the thickness. The surface finish
of the sheet may be controlled by the finish
on the rolls. (The plasticised rubber is
vulcanised by heating on a calendering system at
150°C in air.)

The cure systems as in Tables 3.1 and 3.12

supplied by Dunlop are as follows:

Types

1 - a conventional standard sulphur system
accelerated with a sulphcnamide

2 - a sulphurless system in which sulphur 1is
provided by an elimination from a thiuram
disulphide

3 - a low sulphur system, which results in a
network similar to that obtained from type
2

4 - a peroxide system, which produces a simple

network structure of carbon-carbon cross-

links.

3.3 Results and Discussion

3.3.1 Swelling behaviour of elastomers

The tendency of a polymer to dissclve in a given solvent
depends on the polymer solvent interaction.64 Solvents of the
same solubility parameter as that of solute are most likely to
dissolve to give polymer solution. This fact provides a
method for determining the solubility parameter, and leads to

consideration of molecular weight between cross-linked polymer
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chains. Linear polymers dissolve completely in a solvent
when the polymer-solvent interactions are greater than the
polymer-polymer forces, resulting in the separation and
expansion of chains. Maximum swellings of cross-linked polymcrs
occur, when the solubility parameters of polymer and solvent
are approximately equal. As the system is swollen by the
absorption of solvent molecules, a force of retraction
consequently develops in the network in opposition to the
swelling process, such that a state of equilibrium is
established between these two opposing forces.

The partial molar heat of mixing AHm of polymer and solvent,
when the dispersion forces are in operation, is given by an

equation:64

3 2,2
AHm = vo(és Gp) ¢p (3.1)

where vo is the molar volume of solvent andwp is the volume
fraction of polymer. ds and 6p are the solubility parameters
of solvent and polymer respectively. It is clearly evident

from equation (3.1) that AHm is minimal when 65 and ﬁp are

equal. When AHm is zero ACm (= AHm—TA&m) must be negative,
since Adm is positive. Maximum swelling occurs in this
situation.

In the study of polyisoprene elastomers, specimens of
accurately known mass (0.2 gram) were cut and placed in a range
of solvents for two weeks to establish the equilibrium at
ambient temperature. The swelling coefficients were then

calculated using an equation:

, - M- 1
swelling coefficient Q = MM%Q o



108

here M and Mo are the masses of swollcn and unswollen poly-

isoprene, and d is the density of solvent.

Table 3.2

Interaction parameters % volume fraction

a/en™ of Sotvens i

n-heptane 15.3 70.71
methylcyclohexane 15.9 80.76
cyclohexane 16.7 80.6
carbon tetrachloride 17.6 _ 84 .54
toluene 18.2 81.33
benzene 18.7 79.7
chloroform 19 84.35
di-isopropylketone 16.3 _ 73

Table 3.2 shows the range of solvents used for an
estimation of solubility parameter of sulphur vulcanised
polyisoprene, and a plot corresponding to this table is
shown in Figure 3.1.

The determihation of molecular weight betwecen crosslinks

makes the use of the Flory-Rehner equation:73—75
2
1 ln(l—vr) + \)r + |1vr
Ve = - — (3.3)
Yo 1
(\)r /3—2 . )
/f

where Ve is the number of polymer chains per unit volume, § is
the functionality of the system, which in this case is four
and Vo is the volume fraction of polymer in tne swolien gel

at cquilibrium. For an accurate determination of polymer-
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Figure 3.1. Volume fraction of solvent versus solubility

parameter for an optimum cured type 1, Natsyn
2200 elastomer at room temperature.

solvent interaction parameter (u), one can use the semi-

: 56
empirical equation, proposed by Bristow and Watson:
\)O 2
= +-——- -8 3'4
b By * wr (8 6p) ( )

where 61 is the lattice constant approximately equal to 0.34,
R 1s the universal gas constant and T is the absoclute
temperature.

The number of polymer chains per unit volume and molecular
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weight Mc between crosslinks are related to density f of the

polymer by:
Ve =f/l\7lc (3.5)

Furthermore, the Young's modulus E at low elongations can

be calculated from equation:

3RTS
Mc

The swelling method, leading to values of Ve, hencco M,
was mainly used for calculating the crosslinking density of
polyisoprene elastomers (Natsyn 2200 formulation) as a
preliminary to elaborate the microstructure. The reéults are

shown in Tables 3.3 and 3.4.

Table 3.3

Optimum cured, Natsyn 2200, elastomers

Type Crosslinking _ Average molecular Young's modulus kb
density Ve (m 7) weight between (105Nm—2)
crosslinks Mc o
1 135.3 6,725 9L
2 110 8,272 8.0
3 92.46 9,840 6.7
4 115.7 7,865 8.4

Table 3.4

Partially (50%) cured, Natsyn 2200, elastomer

Type Crosslinking _ Average molecular Young's modulus E
density Ve (m 7) weight between (]OSNm*Z)
crosslinks Mc B
1 136.4 6,670 9.9
2 117.4 7,750 8.5

3 110.9 8,210 8.0



3.3.2 ESCA data on additives

In order to provide a basis for the interpretation on the
cured rubber systems, ESCA data has been obtained on cach of
the materials used in the formulations.

(a) Zinc oxide

The wide scan ESCA spectra of zinc oxide -are shown in

Figure 3.2a. The photoemission from the Zn, , O and Zn

2p ls 3p
levels are as indicated and the spectra also reveal the
intense L23M45M45 Auger process for Zn, and also that the
sample is extensively contaminated with a hydrocarbon over-
layer. The relevant binding energies are displayed in Table

3.5, these being derived from the high resolution core level

~spectra in Figure 3.2b.

| SUNES B 1 " 1

1000 800 600 A(;O
BINDING ENERGY (eV)

1
200 0

Figure 3.2a. A wide scan of zinc oxide and zinc sulphide.
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Figure 3.2b. High resolution spectra of ZnO.
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Figure 3.3. High resolution spectra of %ng.
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Table 3.5

Zinc Oxide

o -
_ Cls Ols An2p3 Zan An L23M45M4r
Binding energies /2 3 5
(eV)
285 531.1 1023.7 88.4 988.4
C Zn C
ls/Ols 3p/olS lS/Zn3,
Intensity Ratio P
2.7 2.7 0.3

(* Kinetic energy in eV)

For comparison purposes spectra have also been recorded
for zinc sulphide and these are shown in Pigure 3.3. The
sample is again heavily overcoated with hydrocafbon. The

binding energies and relative peak intensity ratios are

collected in Table 3.6. A distinctive feature is the very
low binding energy for the S2p levels, appropriate to anionic
sulphide (162 eV). (It may be added here that the S level

2p

did not indicate any tendency for oxidation on exposure to
an oxygen plasma at a power loading of 10 watts for 10 seconds
and a total pressure of 0.2 torr.)

Table 3.6

Zinc Sulphide

C 0] Zn Zn S ink*

ls ls 2p 3p 2p L,.M, .M
Binding energies 3/2 23745 45
(eV)
285 532.6 1023.7 88.6 162 989.5
C C C Zn
ls/Ols ls/Zn3 ls/s2 3p/ 2
Intensity ratio P
3.7 3.7 6.3 1.7

(* Kinetic energy in eV)
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(b) Stearic acid

The wide scan ESCA spectrum for the stearic acid is shown
in Figure 3.4a. and reveals just carbon and oxygen signals.
The high resolution Cls and OlS core level spectra shown in

Figure 3.4b are distinctive for a long chain fatty acid.

The C intensity ratio of 6.4 with the appropriate

ls/OlS
sensitivity factors suggests a C/0 stoichiomz2try of 10:1,

slightly higher than that required for statistical sampling
of the repeat unit; which may suggest partial orientation

at the surface (viz. carboxylate groups into the bulk giving

rise to a low surface free enerqgy hydrocarbon exterior).

Stearic acid

L 1 1 1 1 1 1 1 1 L A 1
1000 800 600 400 20C 0

BINDING ENERGY [eV)

I'iqure 3.4a. A wide scan of stearic acid.




2%, 292 230 2088 2856 204 2 538 536 S3% s S0 528
b) Cts ) Ots -
BINDING ENERGY

Ck and Otz core {ovels of stearic ccid conlgining only carbon, hydrogen and oxygsn

Fiqure 3.4b. High resolution spectra of stearic acid.

(c) Cyclohexylbenzthiazyl sulphenamide (CBS"

e

The wide secan ESCA spectrum in Figure 3.% revcals

by ! - ) l
1s’ le and S2p core leve

spectra, but in addition substantial peaks are observed for

‘evidence for the anticipated C

0 and Si and Si levels. This indicates extensive surface
1s 2s 2p



110

CBS

1

ol

1 1 -l 2
1000 800 600 400 200
BINDING ENERGY {eV)

Figure 3.5. A wide scan of cyclohexylbenzthiazyl sulphenamide.

contamination of this material with silicone and this precludes
the generation of reliable sensitivity parameters for this
sample. The high resolution spectra have, therefore, merely
beeﬁ used to obtain the absolute binding energies for the

various structural features and these are displayed in Table 3.7.

Table 3.7

Cyclohexylbenzthiazyl sulphenamidc

C 0. N S S. oxidised Si
1s ls 1 2 2 21
Binding energies S P P P
(eV) 285 533 399.7 164 168.4 101
C C C IS
1s 1s 1s “1s ,
Intensity ratio /Ols /le /SZp /SlZp

6.0 11 4.0 11.0



(d) Sulvhur
Since core level spectra for sulphur have previously
been recorded, the data and the binding energies are set out

in Table 3.8.

Table 3.8
Sulphur
Compound Binding energies (eV) of S2p
Sg 163.8
S 164.0
n

(e) Permanax B

Permanax B is a condensate of acetone and diphenylamine,
extensively used as an antioxidant additive. The core level
5pectra for the sample studied in the form of a powder are
shown in Figure 3.6b. The wide scan ESCA spectrum in Figure
3.6a shows the intense C photoemission, with smaller

1s

components arising from the OlS and va levels. The high

resolution spectra provide the data in Table 3.9. The C/N
stoichiometry indicated from this would correspond with a 1:1
condensate. The le binding energy is consistent with an

amine type environment. The structure of a condensate is



Permanax B

[ — | ! 1 1 | 1 1

! L
1000 800 600 400 200 0

BINDING ENERGY {eV)

Fiqure 3.6a. A wide scan of permanax B.

26 20 202 7% 28 26 2 282 B0 5 o8 % S 5 oo
ib} Cis core toved ic) Os coe lovel

108 04 402 400 368 38 7 156
(0) N8 coretevel  BINDING ENERGY loV) le) S2p core leve|
ond

Figure 3.6b. High resolution spectra of permanax D.

™
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Table 3.9

C C

. . 1ls 1ls
Intensity ratio /OlS /N

19.0 14.0

(f) Tetramethylthiuram disulphide (TMD)

CH CH

3. /03
N-C-5-5-C-N
s i
CH3 CH3
TMTD

1

L

Il i
600 400 200 0
BINDING ENERGY(eV)

1 1
1000 800

Figqure 3.7. A wide scan of TMTD.

The wide scan reveals a subsltantial signal from cxtrancouts

oxygen. The relative intensities of core levels are given in
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Table 3.10, together with the binding energies. The S2p

levels appear as a slightly broader structure. consistent

Table 3.10
TMTD

c 0 N s
Binding energies 1s ls 1s 2p
(eV) 285 534.1 401.1 164. 4

c C c
1s 1s 1s

/01 Mg /S

1.7 10.0 0.31

with a small binding energy difference for the two different
types of sulphur (C-S and C=S). The intensity ratio for the
ClS/S ‘ levels is consistent with statistical sampling of the
molec%ﬁar formula indicated above, however, the S2p q
intensity ratio indicates a deficit of nitrogen and/t ?s

coupled with the presence of oxygen indicates an impure sample.

(g) 2(4-Morpholinylmercapto)benthiazole (MBS)

| N>_S_/%~\

N\ O
The ESCA spectra for this sample are shown in IFigures
3.8a-b and the corresponding intensity ratios are given in
Table 3.11. The spectra also reveal evidence of silicone
material and the relative intensity ratios do not, therefore,

represent statistical sampling of the molecular structure.



MBS

i 1 N . ) " n e "

1000 800 600 400 200 0
BINDING ENERGY (eV)

Figure 3.8a. A wide scan of MBS.

29, 292 20 288 285 284 282
b} Cis {c) O

404 402 400 398 396 68 166 164 B2 B0 W8 W6 WL W2 1060 98
d) Nis le} S2p ) Si2p
BINDING ENERGY(eV)

Cis, N15,01s and S2p core levels of 2-{4 morpholinyl mercapto) benzthiazole, and Si2p arising from contermnation

Figure 3.8b. High resolution spectra of MBS.




Intensity ratio

Conclusion

Table 3.11

MBS

C C C C

lS/ols /Si

4.7 13.5 8.2 59.0

The spectra of the additives reveal that in each case

to a greater, or lesser degree, there is surface

contamination and the samples are clearly of technical

grade. The spectra have, therefore, been primarily used to

obtain some indication of binding energy as a function of

electronic environment. In this connection, one may note

the following:

(i)

(ii)

(1ii)

The le binding energy for CBS, permanax B and TMTD
fall in the range « 400 - 401.0 eV;

The S2p levels for sulphur directly bonded to
carbon or to sulphur fall in the narrow binding
energy range v 164.4 eV, whilst anion, i.e.

sulphur (sulphide) is at a much lower binding
energy ~ 161.8 eV;

Oxygen in an anionic environment (e.g. in ZnO)
appears at low binding energy  531.0 eV whilst
oxygen directly bonded to carbon (e.g. stearate

and MBS) is at a substantially higher binding

energy.



3.3.3 ESCA analyses of cured samples

(a) Type 1, Natsyn 2200, elastomer

(i) Introduction

It is convenient to consider the ESCA aata in detail
for one particular case, and then provide a somewhat less
detailed analysis for the other systems. The bulk formulation
of the Type 1 Natsyn 2200 system 1is indicated in Table 3.1,
and the details of the comfosition are given -in 'Tablc 3.12
in terms of weight and normalised mole % terms. On this basis,
it is clear that the Cls signal should predominantly derive

from the cured Natsyn framework, with small contributions

from stearic acid, CBS and permanax B. The N signals

1s
would be expected from both CBS and permanax B, whilst the
sulphur signal should predominantly arise from the added
sulphur itself as opposed to the sulphur of CBS. Zinc is
added to the formulation as the oxide, and oné obijecctive of
the ESCA investigation is to effect a chemical speciation,
in particular of zinc and sulphur. The Ols signals can
conceivably arise from residual metal oxide (low binding

energy) , from carboxylate and oxygen in stearate and permanax

B respectively, and from any oxidative functionalisation

arising from sulphur (viz. soz“) or from oxidation of the
Natsyn surface during cure. In principle, the ESCA experiment

provides five measurable levels to define a C:N:S:Z2n:0 surface
stoichiometry. Apart from any detail of fine structure,

which potentially might provide additional information, the
measurement of only five levels docs not allow an ambiguous

assignment of surface composition. Some simplifying



Type

Natsyn 2200
(cis-polyisoprene)

Zinc oxide
Stearic acid
CBRS

Sulphur
Permanax B
TMTD

Dicup R

Table 3.12

Natsyn 2200 Sample Formulation

1 2
weilght moles weight moles
(%) (%) (%) (%)
89.2 90 88.5 94
4.5 4.1 4.4 3.9
2.7 0.69 2.7 0.72
0.54 0.14 - -
2.2 4.8 - -
0.9 0.27 c.9 0.29
- - 3.5 1.08

(It is worthwhile noting that the microanalysis data
the values of Natsyn formulation.)

4

weight moles weight
(%) (%) (%)

89.7 93.7 96
4.5 4.0 -
2.7 0.71 -
1.3 0. 36 -
0.31 0.71 -
0.9 0.28 0
0.6 0.21 -

- - 2

were in good agreement

.9

with

moles

%)

99.2



assumptions are, therefore, regquired to enable an analysis to
be affected. The first of these is that the fatio of the
minor additives CBS and permanax B (or their transformation
products) remains the same in the surface as in the bulk.

(ii) Optimum cured type 1, Natsyn 2200, clastomcr

The core level spectra for the optimum cured, typec 1,
sample are shown in Figure 3.9 and the intensity ratios

for the components are set out in Table 3.13.

Table 3.13

Optimum cured type 1, Natsyn 2200, elastomer

(a) Intensity ratios Cls/o Cls/N Cls/s ClS/Zn Zn3p/s
Take-off angle 1ls ls 2n 3p 2r
30° 16 69 27 24 1.15
70° 14 89 27 27 1.0

The angular dependent data indicate that che samples are
reasonably homogeneous, in terms of stoichiometry, as a function
of depth into the sample. Before considering a semi-
quantitative analysis, one may briefly consider the details
of the high resolution core level spectra.

The ClS levels show a broadened signai compared with the
uncured system without additives (FWHM 1.7 eV vs. 1.4 eV
respectively), and the n-»nr* shake-up satellite is of much lower
intensity. As far as the ESCA depth sampling scale is
concerned, therefore, the unsaturation in the surface regions
is lower than for the uncured system.

The high resolution spectra also reveal nitrogen and

sulphur, the latter (as the § levels) being broadened by the

2p
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presence of at least 2 components. Oxygen and zinc are
also detected at reasonable levels. The bulk formulation
of the type 1 system provides a mole ratio of permanax B to
CBS of 2:1. Since these are the only two édditives to
contribute to the le spectrum, one may perform a crude
surface analysis as follows:-

The average intensity ratios for the various core

levels may be taken as

C C C C Zn
1s ls 1ls ls 3p
Nys /S2p /01 /2n 3, AP
79 27 15 25 1.1
The le signal intensity arises from the CBS and permanax B
components, whilst the Cls spectrum derives from the Natsyn

2200 (predominantly), and the signal arising from the additives
(other than sulphur and zinc oxide for which the initial
analysis indicates a small contribution due to the hydrocarbon

overlayer). The ClS intensity ratio corrected for the

/le
differences in cross-section provides a means of assessing
the C:N stoichiometry in the deoth scale monitored by ESCA.
Taking the permanéx B as a 1:1 adduct provides the following
equation
let y = mole % of Natsyn Let x = mole % of cis

then

permanax = 2x mole 2

Total ClS signal = 5y + 2 x 15x + 13x + 18 x 5x
Total NlS signal = (2x + 2x)
2y *133% _ 99 4 1.19 = 94
4x
5/Y)= 243
L X
24

50

243
5



(The value of (%) is still the same order of magnitude (+ 66)

regardless of any contribution from stearatc.)

Table 3.14

Surface composition (mole %)

Take-off angle Polyisoprene Permanax B CBS Zn
30° 100 3.5 1.9 1.6
70° 100 2.6 1.4 1.4

The average value of % based on 30° and 70° takc-off
angles in Table 3.14, therefore, gives ratios of 100:3.0:1.6
in moles for Natsyn 2200, permanax B and CBS respectively,
indicating higher levels of antioxidant and -accelerator by a
factor of eight than in the bulk, whilst the level of zinc
at the surface is, approximately 1.5 mole %, less compared to
that in the bulk (~ 4.0 mole %).

The 'swelling' data (section 3.3.1) taken in conjunction

with the ESCA data (C intensity ratio) provides a

/52p

basis for the estimation of the average number of sulphur

1ls

atoms involved in crosslinking two polymer chains, as
represented in Figure 3.10. Where Mc is the number average
molecular weight between two crosslinked points and SX is
the average number‘of sulphur atoms involved in forming a

linkage.
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<
o

Figure 3.10. Schematic representation of crosslinks of a
sulphur wvulcanisate.

The S2p neaks are broadened by the presence of at least
two components, namely organic and inorggnic sulphides,.which,
in turn, constitute numbers of overlavping peaks, the higher
binding energy peaks after deconvolution are attributed to
organic sulphide (including polysulphide), and the lower
binding energies to zinc sulphide. A unique deconvoluticn
was carried out with a full-width at half maximum of 1.7 + O.1
eV by using an analogue curve fitting procedure, with Gaussian
curves positioned approximately at 164.4 eV,vl63.l ev, 162.8
eV and 161.5 eV and treating the height only as a variable to
obtain the best fitting curves (chapter six).

As has already been stated, the Flory-Rehner equation73_79
allows the evaluation of the number average molccular wecight
between the crosslink points of the polymer chains. ‘The use

of this data together with the analysis of the S peaks

2p



allow further for an estimate of the average number of
sulphur atoms between the crosslink points of two polymer

chains; the estimate being made as follows:-

the stoichiometry of cation to

sulphur (of higher binding energy = 115:1
approximate to C~S environments)
molecular weight of a repeat unit
= 6
(IIH3 8
(-CH,~C=CH-CH,-)
number average molecular weight _
=6, 725

between the crosslinked points

Since one crosslink per 99 monomer units occurs, the number
of carbon atoms between the two crosslink points are 495;
and, therefore, the average sulphur functionality 1is four
(495/115).

In conclusion, for an optimum cured type 1, Natsyn 2200,
elastomer, the surface is rich in permanax B and CBS, by a
factor of approximately eight, in contrast to the level of
zinc, compared to the bulk composition, and the elastomer
possesses on average tetrasulphide linkages; and also the
surface is reasonably homogeneous, as far as the ESCA depth

profile is concerned.

(iii) 50% cured type 1, Natsyn 2200, elastomer

Figure 3.11 sh
igu shows the Cls’ o, le, S2p and Zn3p levels

measured at two different take-off angles fcr a partially

130

cured type 1 sample, whose detailed surface compositions, based

on the previous calculation procedure, are considerably

different from those of an optimum cured type 1 sample. The
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intensity ratios and the surface compositions at 30° and 70°

take-off angles are set out in Table 3.15.

Table 3.15

50% cured type 1, Natsyn 2200, eclastomer

(a) Intensity ratios

Take-off angle C C C C Zn
1s 1s 1s 1s 3p
/Ols /le /SZp /Zn3p /S2p
30° 13 57 11 11 1.0
70° 11 47 15 15 7.0

(b) Surface composition (mole %)

Take-off angle Polyisoprene Permanax B CBS Zn

0]

30 100 4.4 2.3 3.4

70° 100 5.6 2.9 2.5

It is clearly evident that the surface is reasonably
homogeneous, in terms of stoichiometry, as a function of
vertical depth into the sample. The ClS levels monitored at
30° and 70° take-off angles reveal little evidence for
oxidative functionalisation with low intensity of w—-us* shake-
up transitions, centred approximately at 6.5 eV from the main
ClS photoionisation peak, and show broadened signals compared
with the uncured system without additives (FWhM 1.8 eV for
30° and 1.7 ev for 70° vs. 1.4 eV of uncured system) .

Oxygen, nitrogen, silicon as contaminant, sulphur and

zinc signals are also observed at reasonable levels, the SZp

peak being broadened (FWHM 4.0 eV of SZp in type 1 system vs.

2.2 eV of Szp in znS) by the presence of at lzast two



components, namely organic and inorganic sulphides.
The evaluation of sulphur functionality, based on the
'swelling' data and area under the higher energies overlapping

peaks of S again indicates polysulphidic linkages,

2p
containing 10 sulphur atoms per bridge in partially curcd type
1 sample.

(b) Type 2, Natsyn 2200, elastomer

(1) Introduction

In view of the rather extensive details considered for
the type 1 elastomer in the previous éections, it is
convenient to pfovide limited details for the subsequent
series of elastomers, and also to present speétra pictorially
only for the optimum cured samples, since the results
extracted from the raw spectra are tabulated in appropriate
sections.

It is clearly evident from the details of the composition

Q

in Table 3.12 in terms of weight and normalised mole % that

1s

cured Natsyn framework, with smaller contributions from

the C signals should again predominantly arise from the

stearic acid, permanax B and TMTD. The le signals would be
expected from both permanax B and TMTD, whilst the sulphur
intensity should arise from TMTD, since this is the only
sulphur containing additive in the system. 2inc is added to
the formulation as the oxide to enhance the raté of cure. The
ols signals can conceivably arise from stearate, permanax B
and from the oxidation of the Natsyn surface during cure.

1s’ 9157 le, 82p and Zn3p levels monitored

at two different take-off angles again allow an unambiguous

In principle, the C 0



assignment of surface composition, on the same assumptions
stated for type 1 system.

(ii) Optimum cured type 2, Natsyn 2200, elastomer

The intensity ratios and surface composition of
components, extracted from the raw spectra for the optimum

cured in Figure 3.12, are set out in Table 3.16.

Table 3.16

Optimum cured type 2, Natsyn 2200, elastomer

(a) Intensity ratios
Take-off angle Cls/o Cls/N Cls/s ClS/Zn Zn
1s 1s 2p " 3p
o) v
30 6 24 12 10
70° 5 21 10 11
(b) Surface composition (mole %)
Take-off angle Polyisoprene Permanax B TMT Zn
30° 100 2.5 9.1 3.7
70° 100 2.9 10.7 3.4

The angular dependent data reveals that the surface is
| reasonably homogeneous, as a function of depth into the
The Cls

evidence for oxidative functionalisation with the absence of

sample. spectra at both take-off angles indicate an
n>n* shake-up peak, and show broadened signals compared with
the uncured system without additives (FWHM 1.9 eV for 30°
and 1.7 eV for 70° vs. 1.4 eV of uncured system) .

The high resolution spectra also reveal oxygen, nitrogen

134
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silicon as contaminant, zinc and sulphur at reasonable levels,
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the latter being broadened by the presence of at least 2
components (FWHM 2.6 eV for both take-off angles vs. 2.2 eV
of 7ZnS). The composition ratios of Natsyn 2200, permanax B
and TMTD, in Table 3.16, calculated in the similar manner as
for type 1 sample, indicate higher levels of antioxidant
and accelerator by a factor of approximately nine than in
the bulk, whilst the level of zinc, less than in the bulk,
increases with increasing depth in the surface.

The sulphur functionalities of eight and ten at 30° and
70° take-off angles respectively, suggest thét at least nine
sulphur atoms are involved in crosslinking two polymer chains.

(iii) 50% cured type 2, Natsyn 2200, elastomer

The C,_  spectra at both take-off angles indicated an
evidence for oxidative functionalisation, with the complete
absence of w-rn* shake-up transitions for 70° take-off angle
and with very little shake-up transition for 30° take-off
angle, and they also showed broadened ClS signals compared
with the" uncured Natsyn 2200 without additives (FWHM 1.8 eV
for 30° and 1.6 eV for 70° take-off angles vs. 1.4 eV of uncured
system). The extent of oxidation in the extreme surface
(take-off angle of 70°) was greater than in the sub-surface
(take-off angle of 30°). |

The high resolution spectra also revealed nitrogen and
sulphur, the latter being broadened by the presence of organic
and inorganic sulphides (FWHM 3.0 eV for both take-off angles
vs. 2.2 eV of ZnS). Oxygen and zinc were also detected at

reasonable levels.



The surface composition in Table 3.17 indicates the
higher levels of additives at the surface by a ractor of
approximately two than in the bulk, which is smaller comparcd
to the surface composition for an optimum cured type 2 samplc,.
whilst the level of Zn, less than in the bulk, is nearly

the same at both take-~off angles.

Table 3.17

Partially (50%) cured type 2, Natsyn 2200, elastomer

(a) Intensity ratios

Take-off angle ClS lcls Cls C Zn.,

ls . hp

/Ols /le /52_ /Z'an /SZD
30° 13 73 33 23 1.4
70° 11 86 46 20 2.3

(b) Surface compositions (mole %)

Take-off angle Polyisoprene Permanax B TMTD Zn

30° 100 0.7 2.7 1.7

70° 100 0.6 2.3 1.9

The sulphur functionality of three on average reveals
trisulphide linkages in the ESCA depth profile;

(c) Type 3, Natsyn 2200, elastomer

(i) Introduction

As expected before, the C intensity should predominantly

1ls

arise from the Natsyn framework, with small contributions
arising from stearic acid, CBS, permanax B and TMTD. The N1S
signals are expected from CBS, permanax B and TMTD, whilst

the sulphur intensity should predominantly arisc from the added



sulphur itself, as opposed to the sulphur of CBS and TMTD.

The Ols signals can conceivably arise from residual zinc

oxide, stearate, permanax B and from oxidation of the Natsyn
surface during the process of cure.
The C

0 N S and Zn levels again allow the

1s’ “1s' "1s’ "2p 3p
unambiguous assignments of surface composition on the same
assumptions stated previously.

(ii) Optimum cured type 3, Natsyn 2200, elastomer

It is clearly evident from the data set out in Table 3.18,
extracted from the raw spectra in Figure 3.13 that the
surface is reasonably homogeneous, in terms of stoichiometry,
as a function of ESCA depth profile into the sample. The
Cls levels monitored at 30° and 70° take-off angles show

evidence for oxidative functionalisation with components at

binding energies of 286.6 eV and 288 eV (corresponding to

Table 3.18

Optimum cured type 3, Natsyn 2200, elastomer

(a) Intensity ratios

Take-off angle C. C

lS/Ols N /S2p lS/Z“3p 3p/52p
30° 8 24 15 17 0.9
70° 8 21 20 20 1.0
(b) Surface composition (mole %)
Take~off Polyisoprene Permanax B CBS TMTD Sulphur Zn
angle
30° 100 4.6 6.0 3.4 11.6 2.2
70° 100 5.7 7.3 4.3 1.4 2.0
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C-0 and C=0 respectively), with a complete absence of w-u*
shake-up transitions. The signals are broadened, compared
with the uncured system without additives (FWHM 1.8 eV for
both take-off angles vs. 1.4 eV of uncured system).

The nitrogen and sulphur are also observed at rcasonable
levels, the latter being broadened by the prescence of at
least two components (FWHM 3.2 eV for 30° and 3.4 ev for 70°
take-off angles vs. 2.2 eV of ZnS). The average number of
sulphur atoms between the crosslinked points, based on the

'swelling' data and analysis of the S levels, are eight on

2p
average, indicating polysulphide linkages.

(iii) 50% cured type 3, Natsyn 2200, elastomer

The data in Table 3.19 are fairly self-explanatory. The
surface is reasonably homogeneous as a function of LESCA
profile depth into the sample and indicate higher levels of
permanax B, CBS, TMTD and sulphur by a factor of approximately
six at the surface than in the bulk in contrast to the level

of zinc, the latter increases with increasing ESCA depth

Table 3.19

50% cured type 3, Natsyn 2200, elastomer

(a) Intensity ratios C C C C Zn

1s 1s 1s 1ls 3p
/015 /Nyg /8, /203, /Sor
30° 9 49 17 16 1.1
70° 9 54 22 20 1.1

(b) Surface composition (mole %)

l'ake-off Polyisoprene Permanax I CBS MDD  Sulphur Zn
anglc
30° 100 1.9 2.5 1.4 5.0 2.4
o

70 100 1.8 2.3 1.3 4.5 1.9
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profile. The Cls signals at both take-off angics had the same
FWHM as those of optimum cured type 3 samples and indicate
oxidative functionalities with the complete absence of shake-

up peaks. The S2p peaks detected at reasonable levels were

also broadened by the presence of organic and inorganic
sulphides. The sulphur functionalities estimated at 3OO and

70° take-off angles were seven and four on average respectively,

indicating polysulphide linkages between the polymer chains.

(d) Type 4, Natsyn 2200, elastomer

(i) Introduction

The detailed composition of the bulk formuiation in terms
of weight and normalised mole % for type 4 system in Tablec
3.12 indicates that ClS intensity should predominantly arise
from Natsyn framework, with smaller contributions froﬁ
permanax B and dicumyl peroxide. The le signal is expected
to ‘arise only from permanax B, since this is the only additive
containing nitrogen. The bulk formulation is, therefore,
simpler than those of sulphur-vulcanised series. In principle,

the ESCA provides C o) and N measurable levels to define

1s’ T1s 1s
the surface stoichiometry on the same assumptions as those
have been stated previously.

(ii) Optimum cured type 4, Natsyn 2200, elastomer

The data in Table 3.20 corresponding to Figure 3.14 indicate
that the surface is considerably inhomogeneous, in terms of
stoichiometry, as far as the ESCA depth profile is concerned.
The Cls peaks show broadened signals, compared with the uncured
system without additives (FWHM 1.7 eV vs. 1.4 eV respectively),

and the u>n* shake-up transitions are of much lower intensity;
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and, therefore, the surface unsaturation is iower than thc
uncured system on the ESCA depth profile. The high
resolution spectra also reveal oxygen and nitrogen, the

latter being relatively of a low level.

Table 3.20

Optimum cured type 4, Natsyn 2200, =2lastomer

(a) Intensity ratios
Take-off angle Cls/o ClS/N
ls 1ls
30° 7 70
70° 5 113

(b) Surface composition (mole %)

Take-off angle Polyisoprene Permanax B dicumyl peroxide

30° 100 18 37

70° 100 6 12

The surface composition in Table 3.20 reveals highecr levels
of antioxidant and accelerator than in the bulk.

3.3.4 Uncured Natsyn 2200 samples

(a) Introduction

Three samples of uncured Natsyn 2200 formulation have

been received, as follows:

(i) Compressed, emulsion polymerised cis-polyisoprene.
Samples have been cut directly for ESCA examination
eithervfor the investigation of the as received
surfaces or for the fresh surfaces exposed with a

scalpe 1l blade.
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(i1) Uncured formulations with additives (Tablc 3.12).
As has previously been noted, thoe large number of
voids arising during the mixing process crcated
considerable difficulties for the analysis of
these samples and in only one case did it prove
possible to obtain partial spectra and, therefore,-
it was not possible to obtain spectra for uncured
systems with additives.

(iii) The spectra for cis-polyisoprene milled for ten
minutes and pressed for five minutes at an elevated
temperature (l4OOC) have not been yet obtained.

(b) Emulsion polymerized cis-polyisoprene

(i) As received surface

The wide scan ESCA spectrum for the as received sample
revealed little evidence for anything other than the Cls

level photoemission. The high resolution scans of the ClS
levels in Figure 3.15 indicate a symmetrical peak, due to
the carbon framework together with a low intensity (v 2%)

of w»w* shake-up structure associated with thé 1 system,
separated by ~ 6.5 eV from the direct photoionisation peak.
The high resolution spectra also reveal a low level of
oxygen, however, this may not be associated with oxidative
degradation of the polymer surface since silicon was also
detected. The high resolution scans suggest Very low levels

of nitrogen and zinc, and the overall intensity ratios are

collected in Table 3.21.
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Figure 3.15. ClS and OlS core levels for th= as received

97% cis-polyisoprene (emulsion polymerized).

Table 3.21

Intensity ratios for 97% cis—polyisoprene

C C C C
1ls 1s , ls 1s
VA
/01 /815, MNig /205

As received 19 67 400 500
Freshly exposed 29 71 - -
surface of the as
received

(i) Freshly exposed surface

The data Tor the freshly exposed surface are sel out

in table 3,21 Torv

comparison purposces.  Phe level of oxyqgen

1=
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now somewhat lower, and silicon, and nitrogen are absent

at the levels of détection, employed in this work. The Cls
spectrum again showed a symmetrical signal, with a low
intensity of w-u* signal arising from the = systcem of the
Natsyn. The relative intensity of the shake-up satcllitce was
higher than for the original surface, and in the light of the
oxygen and silicon intensities, the most likely explanation
for this is an overlayer of hydrocarbon contamination on the
original surface (this would contribute to the direct
photoionisation but not to the shake~up peak).

These spectra, therefore, revealed a small decree of
surface contamination for the as received‘samples. (These
had been covered with polyethylene terephthalate film for
transportation purposes; this being removed prior to sample
preparation for the ESCA experiment.)

3.3.5 Covering sheets used for transportation

(a) As received pigmented polyethylene

The wide scan spectra at 30° and 70° take-off angles for
the as received pigmented polyethylene indicated very little

evidence for anything other than the C photoionisation

1s

peak. The high resolution scans of the C levels in TFigure

ls
3.16 reveal a symmetrical peak as a result of the carbon
backbone and also indicate a low level of oxygen associated
with oxidative degradation of the polymer-surface. The
intensity ratios are set out in Table 3.22. The results
clearly indicate that the as received polyethylene is free
from nitrogen, sulphur and silicon contaminations, and no

evidence for pigment in the surface region is derived from the

ESCA examination.
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Figure 3.16. High resolution spectra of pigmented polyethylene.

Table 3.22

As received pigmented volyethylene

Intensity ratios

Take-off angles

30

70

1s
/Ols

65

34
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(b) Peeled-off pigmented polyethylene from an optimum cured
type 1, Natsyn 2200, elastomer

A comparison of the wide scan spectra at 30° and 70°
take-off angles for the peeled off polyethylene with those
in (a) revealed little evidence for the peeled-off materials

other than the C photoionization peak. The high resolution

1s

scans of C1S levels in Figure 3.17 also reveal a symmetrical
peak, arising from the carbon framework.

It was of interest to compare the peeled surface of the
polyethylene with that of the as received sample, and also
with the exéosed surface of the Natsyn 2200 sample (optimum
cured type 1). |

The relevant area ratios collected in Table 3.23 reveal

that there was little mechanical transfer of materials between

the surface, since, apart from the Cls ratios which are

./le
cssentially the same for both components of the peeled

surfaces, the C and C ratios are very substantially
A ls/O ls/S
1s 2p
different on the Natsyn 2200 and the polyethylene surfaces.

This, thzrefore, provides evidence that the peeling involved

essentially adhesive failure at the interface.>> 329
Table 3.23
(a) Peeled-off pigmented polyethylene
Intensity ratios
Take-off angle C C C C
s 1ls ls ls .
/OlS /le /S2p /SlZP
307 29 85 157 330
70° 30 105 - -

(b) Optimum cured type 1, Natsyn 2200, elastomer

Intensity ratios

C

Take-off angle 1s

C C
1s 1ls
/014 /MNig /8

2p

30° 16 69 27

70° 14 89 27
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Figure 3.17. High resolution spectra of peeled-off

polyethylene.

(c) As received poly(ethylene terephthalate)

The wide scan ESCA spectra at take-off angles of 30°
and 70O for the as received PET revealed iittle evidence for

anything other than Cls and Ols photoionization levels. The

resolution scans of the ClS levels in Figure 3.18 indicate
O

components, due to C-H, C-0 and é=0, and also show evidence
for a low level of #+u* transitions at approximatcly 8.0 ¢V

from the main ¢ paak, The derived inlLenaity ration are

14
sel oul in Table 3.24. The high resolution spectra also reveal

a very low level of silicon and a high level of oxygen, the
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Figure 3.18. High resolution spectra of the as received PET.

Table 3.24

As received poly(ethylene terephthalate)

Intensity ratios

0
l
Take-off angles C=0 C-X C-O0 C-H C-O0 C=0

30 8 1 15 76 45 55. 3 136

707 5 2 14 79 43 57 4 9
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latter bging essentially two components, corresponding to

E—Q and é=9 environments, sepagated by ~ 1.6 evV. Thec very
different intensity ratios of ézo, C-0 and C-H compbncngs

at v 289 ev, 1 286.6 eV and 285 eV respectively for 30% and
70° take-off angles, compared to the corresponding theoreﬁical
values 1:1:3, may suggest a partial orientation of

functional groups; the cafboxylic ester groups present at

the surface of PET produce a higher energy state, as a

result of their greater polar character than hydrocarbon
groups, the latter being directed outward, and the build up

of an overlayer of hydrocarbon contamination is also indicated.

(d) Peeled-off poly(ethylene terephthalate) from type 1,
Natsyn 2200 elastomer at liquid nitrogen temperature

The high resolution scans of peeled-off PET at 77K
revealed no evidence for the mechanical transfer of materials
from the surface of an elastomer other than ClS and Ols
photoionisation levels, suggesting a clean surface of PET
after peeling-off at such a low temperature. The data

corresponding to Figure 3.19 in Table 3.25 again clearly

indicate the difference in intensity ratios of different

Table 3.25

Peeled-off poly(ethylene terephthalate)

Intensity ratios

0)
|
Take-off angle C=0 C-X C-O0 C-H C-0 C=0 C
- = - - = - ls/O
1s
30° 8 2 19 70 47 53 3.2
O

70

(@]
—

16 78 46 54 4.0
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Figure 3.19. High resolution spectra of peeled-off PET.

chemical environments under the ClS envelope at 30° and 70°
take-off angles from the theoreticai values that the
carboxylic ester groups directed 'inward' may be partially
responsible for these differences. The cleanness of PET of
PET surface is also evident from the distincc separation of

OlS components at a high resolution.

3.3.6 Auger parameter

(a) Introduction

Tt has been already stated in chapter two that irradiation

177 . . :
of most atoms with soft x-rays results in emission of at

least two energoelic clectrons:l7l—l76 the photoclectron from



\

the core level (ion) and an Auger electron from the decay of
original formed ion. As a consequence of the unstable

initial ionic state, the inner vacancy (core level) is filled
by an electron dropping down from an outer ¢hell and, the
energy difference between the initial ion and the final doubly
charged ion appears as the kinetic energy of the emitted

Auger electron. The probability for such Auger coxcitation

is being higher than for the alternative fluorescent decay

for the elements of interest in this work.

The combined use of both photoelectron and x-ray excited
Auger lines, therefore, enhances the utility of ESCA for
identifying chemical states. The difference in kinetic
energies between the photoelectron iine and Auger line, called
the Auger parameter,l86 provides é unique value for each
chemical state; this special property is more accurately
determinable than either the photoelectron or Auger electron
energy alone because the dynamic charge corrections cancel

out. The intensity of the L Auger lines of zinc are

3MysMys
the result of decays of ions that are formed with highest

probability. The decay scheme for zinc is shown in Figure 3.20.

The difference in binding energies between the most intense

and sharp Zan line and the L3M45M45 Auger line of zinc

3,/2
in Figure 3.21 provides the Auger parameter.
The LMM lines of sulphur observed using the FAT mode in
ESCA were broad and diffuse and, therefore, difficult to

detect; no attempt was, therefore, made to measure the Auger

parameter of sulphur.



3d —— — —4-{- —4,—4}- — M, Mg
3p M2 M3
3s ——-_—\ M1
2 — — 4 uu
2s —_ Ly

K

1s -

Elgure 3.20. The L3M45M45 Auger process for zinc.

< Auger Parameter

23, 237 230 228 296 993 991 989 987 985 9a3 98l

Zn
2P3,, Zn 123 MusMS
KINETIC ENERGY (eV)

Figure 3.21. 2p3 and L M levels of zinc oxide.
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The Auger parameter has found particular use for ionic
solids, where the convolution of factors contributing to
the overall shift in binding energy often imply a negligible
small shift for a given core level. For such systems, the
shift in Auger energy is often substantial and two-dimensional
'chemical state' plots are, therefore, of particular value.
The change in Auger parameter, chemical shift, between two
chemical states is related to the difference in extra-atomic
relaxation or polarisation energy between the two chemical

183

states.

(b) Data on 'sulphur-vulcanised', Natsyn 2200, elastomers

The Auger parameters for different states of zinc in

Table 3.26 reflect the polarisability of the anion.179

Table 3.26

Auger energies and the Auger parameters (kinetic energies in eV)

Take-off angle (30°) Auger energy Auger
L23M45M45 parameter

Optimum cured type 1, Nats 220 '

op o © ype L, yn 2200, - 988.6 494.8
50% cured type 1, Natsyn 2200, elastomer 988.5 494.7
Optimum cured type 2, Nat 22

bt © ype <, Natsyn 2200, 987.7 495.9
50% cured type 2, Natsyn 2200, elastomer 988.1 494 .9
Optimum cured type 3, Nat 2

e?astomer P o Natsyn 2200 287.8 496.1
50% cured type 3, Natsyn 2200, elastomer 988.1 495.9
Zinc oxide 988.4 495.,3

Zinc sulphide 989.5 494,72
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The tendency for the Auger parameter for zinc in the surface
region of typé 1 sample is more toward zinc oxide than zinc
sulphide. The optimum cured type 2 elastomér tends to have

a slightly smaller Auger parameter than type 1, thus
indicating more zinc oxide than zinc sulphide, whereas the
Auger parameter for 50% cured type 2 is Higher than optimum
cured type 2 system, revealing a greater tendency towards
zinc sulphide environment. The type 3 saﬁple indicates more
zinc oxide than zinc sulphide, having essentially the same
Auger parameter for both optimum and partially cured samples.
The combined use of both photoelectron and x-ray excited Auger
lines have, therefore, clearly indicated the presence of more
zinc sulphide at the surface of partially cured type 1 and
type 2 elastomers than those of optimum cured; ana, this is
likely to be associated with the amount of ziﬁc complex
containing sulphur in the partially cured samples which the
prolonged exposure to heat at 150°C for optimum cured

samples results in the formation of more zinc oxide than zinc
sulphide (chapter three) or least in the surface»regions.

In the light of Auger data, the Zn intensity ratios,

3p/82p

particularly of low binding energy components of'szp, of a
variety of elastomers are set out in Table 3.27 for a
comparison with the theoretical value (1.5). It is clear

that more sulphur is required in the surface region than is
added into the bulk. Conversely, it equally implies that
excess zinc is present in the surface regions than is needed

for the Natsyn 2200 formulation.



Table 3.27

Ratios of Zn LBE (low binding energy components of 82

3p p

/S2p
levels for a variety of Natsyn 2200 -elastomers

1 2 3 4
Optimum cure 2.0 1.5 1.7 -

50% cure 2.0 2.9 1.7 -

3.3.7 Summary of an ESCA investigation of a series of
Natsyn 2200 elastomers

Figure 3.22 summarises the ESCA investigation of a
variety of Natsyn_2200 elastomers, cured on a calendering
system at 150°C in air with a 2 mm rip setting to draw intb
sheets. The bulk formulation of Natsyn 2200 elastomérs is
indicated in Table 3.1, and the details of the composition are
given in Table 3.12 in terms of Qeight aﬂd normalised mole %
terms.

The ESCA analyses have clearly revealed the surface
composition of thickness in the range < 508 that higher
levels of antioxidant and accelerators are present at the
surface than in the bulk, whilst the level of zinc increases
with increasing ESCA depth profile into the bulk. The
opfimum cured type 2 and type 3 samples indicate gréater
sulphur functionality, involved in crosslinking two polymer.
chains, than the corresponding partially cured systems,
whilst the sulphur functionality of four for an optimum cured
type 1 sample is much smaller than the functionality (10)
for the partially cured elastomer. This suggests that the

higher level of sulphur present at the surface of a partially
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(50%) cured type 1 elastomer is lost either by eVapbration
or by blooming on a prolonged exposure to heat at 150°¢C o
(cure time of a partially cured type 1 sample is fifteen
minutes compared to twénty five minutes for the optimum cured
elastomer), whereas the increase in sulphur functionality
for the optimum cured type 2 and type 3 eléstomers, in
contrast to the situation for the type 1 sample, is most
likely to be associated with the diffusion bf sulphur from-the
bulk to the surface. The loss rate of sulphur is, therefore,
determined by the extent of Volatilisation;'which will cause
a concentration gradient near the surface. |

The 'swelling' data in section 3.3.1 indicated that the
suiphur crossliink occurs on average after 100 repeat (isoprene)
units in Natsyn 2200 systems.

3.3.8 1Infra-red spectra

(a) Introduction

Organic and inorganic substances exhibit absorption spectra
in the electromagnetic infra-red region, extending in the |
range 50 - 0.025 ﬁicrons. The section currently of most
useful value lies between 10 and 0.625 microns. The infra-

red spectra are particularly useful in gualitative analysis

106,107

of polymer and compositions containing polymers, since

the characterisation of these materials are often tedious

91,95-97

by the more usual chemical analysis and physical

methods,®2~72,76-80

The infra-red spectroscopy is relatively easier to operate
than ESCA, but the sensitivity of this conventional technique

becomes almost negligible, when a very thin surface layer of the
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material is examined in the usual transmission manner; and,
therefore, a technique, multiple attenuated refiection
spectroscopy, is preferred, based on internal reflection
(Figure 3.23).139 The incident radiation directed first into
a material of high refractive index (nl) at ah angle (@)
greater than the critical angle (ec) is reflected from the

surface of the sample of refractive index (n2) lower than n, .

The depth of penetration is given by an equation:

dp = — A | (3:7)

%

n12n(sin20—n§l)

where dp is. the penetration depth in medium 2 for the electric

¢

field to fall to e_l of its value at the boundary surface

medium,

N\

Penetration

Medium 2

{less dense)

1D
NONNSNN N INV/SNCONN NN
[
|
i
t
[
]

Medium 1

( more cense)

Figqure 3.23. Total internal reflection.
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X is the wavelength of the radiation,
nl is the refractive index of medium 1,

‘9 is the angle of reflection, and

N, = 5 né is the refractive index of the sample.

Equation (3.7) states that the penetration depth depends on
the wavelength of radiation and, the refractive indices of
medium one and two. It is possible to enhancé the amount of
absorption by multiplying the number of reflections, as shown

in Figure 3.24. An internal reflector plate of thalium bromo-

17
Sample MATR crystal

Figure 3.24. MATR crystal and sample.

iodide (KRS5) with refractive index of 2.4, or germanium

with refractive index of 4.0, of appropriate size (50 mm x

20 mm x 2 mm) may be used with a 45° angle of incidence (o),
giving approximately 25 reflections; but both crystals were
employed in this chapter. The actual MATR unit, made by Specac,
was placed in the sampling compartment of an infrared

spectrometer (Perkin-Elmer 577). However, there are many
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different optical systems available, which hay be used in MATR
attachments. The use of KRS5 crystal is likely to result iﬁ
twice the sampling depth compared to that of a germanium
crystal. The characteristics of crystals used for internal
reflection are given in Table 3.28.

Additives, in the form of a powder, were also studied
by dispersing the ground powder in a tablet of potassium
bromide. The KBr discs were prepared by grinding the sample
(2 mg) with KBr (100 - 200 mg), and then compressing thc
whole content into a transparent tablet. The spectra were
obtained before, and after the oxygen plasma treatment.
(b) Additives

Figure 3.25 represents the spectrum of cyclohexylbenzthiazyl

sulphenamide

accelerator with prominent features at:
Vibrations Wavelength Remarks
(microns)

C-H stretching 3.42 asymmetric Strong, sharp
3.51 symmetric

N-H stretching 3.10 Strong, sharp
C-N 8.08 Strong, sharp
C-S 14.81 Weak, sharp

The O-H stretching approximately at 2.9 microns is likely

from the contamination of HZO in the KBr tablet.

Figure 3.26 is a spectrum of tetramethylthiuram disulphide
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Table 3.28

Characteristics of crystals for MATR infrared spectroscopy

Material . Transmission range Refractive index Critical Characteristics

. X o}
(microns) | at (10 microns) angle (067) Desirable Undesirable

High refractive, High toxicity,

Germanium 2-11.5 4.0 22 completely in- brittle and
soluble and does fractures
not fracture easily under

Thalium-bromide-iodide 0.5-35 2.37 39 under high high.

(KRS=5) pressure pressure
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Figure 3.25. Infrared spectrum of cyclohexylbenzthiazyl
' sulphenamide (CBS).

Figure 3.26. Infrared svectrum of tetramethylthiuram
disulphide (TMTD). :

30 ' 40 50 Microns 6.0 70 80 90 10 12 14 161820 253035
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Stearic acid

Permanax B

L i 1 1 i It L

1

1 1 1
3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 L00 250
Wavenumber {cm-1)

Figure 3.27. Infrared spectrum of stearic acid.

2

Figure 3.28. Infrared spectrum of permanax B.
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accelerator with distinguishable absorptions at:

Wavelength
(microns)
C-H asymmetrical 6.69 Strong, sharp
deformation
C-H symmetrical 7.27 Strong, sharp
deformation :
C-N 8.10 Strong, sharp
C=8 8.7 Medium, sharp
S-S 22.47 Weak, sharp

The structure is

30 / 3
N-C-S-S-C=N
CH/ g lsl, \H
3 CH;

In Figure 3.27, the absorption in the region near 3.45
microns is very strong but the evidence relating to the carbon
skeleton of stearic acid can be foﬁnd elsewhere in the spectrum.
Carbohyl absorption is evident as a strong singlet at 5.85
mécréns and the convincing characteristic absorption of
-%O—H bonds occurs as a broad peak approximately at 2.94 microns.
The substance is stearic acid, employed in elastomers to
enhance the rate of cure.

Figure 3.28 shows the spectrum of permanax B, a
condensate of acetone and diphenyl amine, with characteristic

absorptions at:

Vibrations Wavelength Remarks
(microns)

N-H stretching Strong, Sharp

C-H stretching Strong, sharp

c=C Strong, sharp
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The prominent feature in the 'finger-print' region is a

characteristic of aromatic absorptions. The structure of

permanax B, as it has been supported by ESCA analysis, is
1/ \
>/

CH —?—N .
C

3
Hy

Figure 3.29 is a spectrum of zinc Qxide'with a strong/
broad absorption band occurring in the regior 18.2 - 25
microns, being characteristic of Zn-0O bond vibrations. A
relatively broad/weak peak approximatély at 2.86 microns is

from the contamination of H20.

Figure 3.30 indicates a spectrum of dicumyl peroxide with

characteristic absorptions at:

Vibrations Wavelength Remarks
(microns)
C-H stretching 3.23-3.45 5 bands, weak, strong and mediun
C C stretching 6.25 Weak, sharp
(skeletal) 6.69 Weak, sharp
6.92 ,
C-H deformation 8.0-10.52. strong and medium but sharp
(in plane)
C-H deformation
(out of plane)
o 13.16 : '
monosubstitution 14.29 5 adjacent H atoms

Detection of a phenyl ring by infrared spectroscopy
usually presents no difficulty, as the C==C stretching

vibrations of this structure in Figure 3.30 distinguishes it
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from other types of unsaturation. Only two cf thé four
theoretically possible bands in the 6.25 - 6.9 microns.
region are generally useful, those approximately at 6.25 and
6.67 microns. A third (6.33 microns) is very weak, as ié.
evident from the spectrum, while the fourth at ~ 6.9 microns
may be obscured by alkyl bands. The relative intensities

of those bands are variable, but their sharpriess is
characteristic, and the presence of a needle-like peak
approximately at 6.67 microns is partiéularly indicative of

a phenyl ring. Orientation of substituents in a benzene ring

3100-3000 cm-?

H/ \u

hENY e ?
H

H ? H H >~ in-plane “a— "H $
1600-1450 cm-!
C-C skelatal
(a) Stretching (b) Deformation
Figure 3.31. Vibrations of benzene ring.

is often clearly indicated by the C-H out-of-plane deformation
modes of the remaining hydrogen atoms, which appear in the

'finger-print' region. The structure is:

CH :
j 3 (|:H3
$—o—o-c

'
CH CH

3 3
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{({c) Elastomers

The main objective in this part of the étudy has been to,i
obtain a qualitative and quantitative analysis for the various
types of sulphur-vulcanised systems and also of elastomers
vulcanised by dicumyl peroxide, which may lead to a better
understanding of the nature of these materials and also may
be of help in elucidating the effect of microstructure on
rheological properties.

The features arising from various types of Natsyn 22Q0
elastomers are shown in Figures 3.32 and 3.33. Since the
investigation revealed similar spectra forthe various types
of 'elastomers, it is, therefore, convenient to present
representative examples. Absorptioﬂs occurring below 11.8
microns are omitted, since the germanium crystal absorbs the
radiation strongly below this region. |

A comparison of spectra of optimum cured with those of
partially cured and uncured elastomers in Figures 3.32 and
3.33 revealed the following: (a) the ratio of'peak

3.38,

intensities at wavelength (microns) /(3.42 and 3.51)

corresponding to the total stretching vibrations of -CH,
and —CHZ— groups, remains very nearly constant (1.0), even
before and after vulcanisation at lSOOC, (b) the ratio of

6.02,(3.42 and 3.51)

peak intensities at wavelength (microns)
corresponding to carbon-carbon double bond (C=C) absorbance
was almost negligible to account for the rearrangement of
cis-1,4 polyisoprene structure, (c) the ratio of peak

7.63

intensities at wavelength (microns) /{(3.42 and 3.51) for

the uncured, 50% cured and optimum cured samples suggest very
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Natsyn 2200, Type1, Elastomer
30 L0 50 Microns 60 7"0. 8"0 9"0 19 1? 14

i -
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3500 3000 2500 2000 1800 1600 1400 1200 1000 800
' Wavenumber {cm-1) :

Figure 3.32. Infrared spectra of 'a type 1, Natsyn 2200, elastomer.

30 40 50 Microns 60 70 80 90 10 12
Natsyn 2200, Type 2, Optimum
Elastomer

cured

w% cured

N\Med

! e i 1 1 i 1 i
3500 3000 2500 2000 1800 1600 1400 1200 1000 800
Wavenumber [cm-1)

Figure 3.33. Infrared spectra of a type 2, Natsyn 2200, elastomer.
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little change in the cis-1,4 polyisoprene stfucture, andvﬁhis
is also true for the ratio of intensities obserVed at
wavelength (microns) 8'85/(3.42 and 3.51); and, (d), the
occurrence of peaks approximately at waveiengths 8.13, 9.26
and 9.62 microns are, without certainty, attributed to
cyclised structures, which further suggests that the
cyclised structure would decompose on thermal treatment. The
ratio of peak intensity at wavelengths (microns) ll'23/11.90
was not observed, as a result of strong absorbance below
11.90 microns by the germanium crystal, whicﬁ probably would
have accounted for the tfansformation of cis~1,4-polyisoprene
into structures resembling 3,4—polyisopreﬁe

(—(IIH—-CHz—)n

C
H2C,/ \CH3

(d) Spectra for the oxygen plasma treated samples

It was of interest to investigate the effect of oxygen
plasma on additives and elastomers, using infrared spectroscopy.
However, it was observed that the spectra were identical
before, and after plasma treatments at different power
loadings; and, therefore, it is convenient to present one
example of an oxygen plasma treated sample to avoid
repetition.

Figure 3.34 shows the spectrum of oxygen plasma treated
tetramethylthiram disulphide, dispérsed in a KBr tablet, at
a power loading of 10 watts for 20 seconds and a total pressure
of 0.2 torr. A comparison with the untreated sample in

Figure 3.26 reveals spectra, which are indistinguishable. This
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emphasises the advantage of the ESCA technigue over
conventional IR spectroscopy in investigating the very thin
modified surface layer arising during plasming processing

(chapters six and seven).

30 40 5.0 Microns 60 70 80 90 10 12 14 16 1820 253035

Oxygen plasma treated
T™MTD

. " L 1 i 1 1 1 I 1 1 " J
3500 3000 2500 2000 1800 1600 1400 1200 1000 800 600 400 250
Wavenumber (cm-1)

Figure 3.34. Infrared spectrum of tetramethylthiuram
disulphide after exposure to an oxygen plasma
(10 watts, 20 seconds, 0.2 torr).

The fact that IR spectroscopy fails to reveal the
changes in the modified surface layer of a sample, is due
to the extent penetration depth of IR radiation in that it
samples the surface layer to a depth of the order 1048,
‘compared to the modified surface of thickness < 1022;_and,
therefore, the IR spectrum has a very strong absorption
from the unmodified substrate. As a result of this
penetration depth, the spectrum is essentially the same
before, and after plasma treatments.

3.3.9 Solid state magic angle spinning nuclear magnetic
resonance

(a) Introduction

The advances in the knowledge of nuclear magnetic

resonance (NMR), and its applications to chemical problems,
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115-127 .

have been amazingly rapid in the last decade.
spectroscopic method operating a£ the low end of the electro-
magnetic spectrum allows the measurement of extremely small
energy differences (chemical shifts and coupling constants),
which, in turn, reflects the small differences in molecular

116-119,123~125

structure and conformation. In high resolution

NMR spectra, line separations of less than 0.1 Hz are measured,

corresponding to an energy difference of approximately lO—12

Joule/mole.128 In addition to these detailed investigations

of molecular structure and conformation, selective measurements

of spin lattice relaxation times can provide information on

molecular motion and kinetics. Until recentliy, liquid

samples were used in NMR spectroscopy for characterisation of

polyisoprene, and, therefore, all solids had to be |

investigated in suitable solvents (so called high*reSolution

NMR). The requirement of samples being in solution has been

a limitation to the application of the NMR technique to polymers,

and, this has been due to three main practical reasons in

the direct study of solids: (a) the resonance lines are

highly broadened by anistropic dipole-dipole (DD) and quad-

rupole-field gradient (QF) interactions, leading to line-

widths in the KHz range, (b) the phenomenon of chemical shift

anisotropy leads to broad complex line—shapes for powders,

even when the dipolar broadening is absent. These anisotropic

interactions are in principle also preseﬁt in liquids, but

fortunately are averaged to zero by the rapid Brownian motion
13 '

of the molecules, and, (c) C nuclei in solids show

extremely long spin lattice relaxation times and, therefore,
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Fourier transform (FT) experiments demanded ldhg pulse
repetition times, resulting in reduced signal accumulation"
and hence low sensitivity; However, the recent development
of sophisticated techniques, called High Power Decoupling,
Magic Angle Spin (MAS)128 and Cross Polarisation (CP}), has
opened the way té high resolution NMR in solids. 1In a
combination of techniques, homonuclear dipdlar interactions,
guadrupole field gradient interactions and chemical shift
anisotropy effects are, in principle, eliminated by the
so-called 'magic angle spinning' (MAS). The principle of MAS
operation can be best understood by recalling thé three
obstacles mentioned earlier.

It is well known that all nuclear with nuclear spin
quantum number I#0 possess a nuclear dipole moment (u) and
the magnetic fields of moments of nuclei in the neighboﬁrhood

produce local fields (h ) at the site of the nucleus,

loc
given by:
h -+ Y (3cos?o-1) (3.8)
loc. - 3 v v )
’1,2
where Vi oo is the distance between two nuclei, 0 is the angle
, _

of rotation about Z-component (see Figure 3.25) and, the sign
+ and - describe the orientations of neighbour spin to be
parallel or antiparallel. The Z-component of the magnetic
field of a dipole may be positive or negative depending on the
angle 6. The change of spin orientations_occur, when the
value of 0 is 54°44" and, at this instance, there is no

contribution to the field in Z-direction. Figure 3.36 shows
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Figure 3.35. Local magnetic field (hldc ) at a nucleus 1,

produced by a nuclear magnetic dipole moment of
a nucleus 2 at a distance Vi o*

Figure 3.36. Magnetic field line of a magnetic dipole

indicating positive and negative Z—compongnts.'
The Z-component is zero at an angle of 54744°'.
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the magnetic field of magnetic dipole at angle of 54944,

In a solid sample, many pairs of spins with difficult
v and 6 may be present and, hence, hloc.'and the reéonance
frequency are different for different spiné, resulting in a
broad resonance line. Similarly, different internal
electrical gradients may also .broaden the résonance line
of the nuclei with a nuclear spin quantum number greater
than half, for which a term (3cosze—l) again.applies; Ih a
powdered or amorphous sample, each molecule or molecular
group may be oriented in all possible directions and the
spread of chemical shift results in broadening of a resonance
line. The external magnetic field induces electronic
circulations about a nucleus in a plane pefpendicular to the
applied field and in a direction such that the associated
secondary magnetic field opposes the main field and give rise
to chemical shift contributions for nuclei in the molecule.
The hindrance of circulations is also dependent upon the
orientation of a given bond axis (for example C-C bond)
relative to the external field. The chemical shift contribution
is again proportional to the term (300528—1). |

It is clearly evident from an equation (3.8) that all the
above factors disappear, when the term (300526—1) becomes zero,
and this situation obtains when the value of ¢ is 54°44'. The
effect of this magic angle spinning can be seen in Figure
3.37. The different connecting vectors with different Gij
are rotated on different cones illustrating that the time
averaged direction of all vectors be on the 3ame spinning

axis, when the rotation is fast at an angle of 54°44'. The



Figure 3.37. Effect of magic angle spinning.

dipolar interactions, quadrupole field gradient interacfions
and the chemical shift anisotropy effectS'aré, in principle,
eliminated Qhen the spinning frequency exceeds the frequency
differences present in the sample (the spinning frequency
is of the order of a few KHz). |

The problems associated with low sensitivity of race spins
and their long relaxation time are circumveﬁted by the

360 \he method is based

devélopmént of cross polarisation;
on tapping the abundant proton spin system to provide
sufficient carbon polarisation, which is more convenient than
by thermalisation with the lattice. The reéult is a higher

signal intensity for 13C and, moreover, the relaxation time

is dramatically reduced allowing pulse sequences required of



the experiment to be determined by the proton longitudinal
relaxation time rather than by that for the carbons. The
two main approaches of many variants ?f Cross polérisatidn
experiment are mentioned here.

In spin lock cross polarisation, the protons are first
spin locked in a resonant radiofrequency of field strength
'H and, then followed by radiofrequenéy field, applied near

1H

the carbon resonance, such that the condition (Hartmann-Hann)

361
in equation (3.9) is fulfilled. The carbon signal is enhanced

YcBic = vufim (3.9)

by a factor of four ("H ), compared to the carbon

/Y _
magnetisation which wouldcarise by thermalisation with the
lattice. |

The second method, initially, brings the system in a
state of dipolar order to cross polarise the 13C spins. This
is achieved by bringing the l3C system at the 'spin temperature'
of 13C in thermal contact with the larger»lH spin system at
the spin temperature of lH. As a result of thérmal contact,
a large temperature decrease in the 13C system occurs,
associated with a marked increase of 13C spins, whereas the
temperature of the lH system, due to the high heat capacity,
is only slightly increased resulting very little decrease in -
polarisation.

Figure 3.38 summarises the experimental details of cross
polarisation, performed in four steps: (a) the proton spins

are polarised in a high field (Ho) - the population is

determined by the energy difference between the two levels in



179

_ T T
irradiation o ¥ty { -t
'
at 'H Spin Lock 1 Decoupling Hin
frequency ! '
!
T
; .l
1 contact _! observation l wait
l time ' time *1 period
! ‘ :
! !
== 1
< |
irradiation s
irradia - o
a , 1.6 T ) He
frequency //\{

IR TR

Figure 3.38. Cross polarisation illustratihg timing diagram.

the Hy field; (b) the polarised proton spins are then placed
in the rotating frame by a 90° pulse, followed by a 9OO”phase
shift and continuous application of radiofrequency field

HlH - so-called 'spin-locking' field; (c) a thérmal contact

13C—lH) is established for

‘between the two spin systems (
variable time (t) by placing the l3C spins iﬁto the rotating
frame as well. A Hartmann-Hann condition is fulfilled. The
3C magnetisation increases rapidly, whereés a small decrease
in lH magnetisation occurs; and, (d) the last step involves
the sampling of the proton enhanced 13C free induction decay

after switching off the l3C radiofrequency field, whilst the

lH radiofrequency is still in operation. The third and fourth
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steps are repeated several times for favourahie cases durihg
which the lH polarisation is depletea and the 13C signal is
accumulated. | |

The application of cross polarisation combined with
magic angle spinning (CP-MAS) is still ih its infancy;
nevertheless, natural and synthetic polymers are currentiy
the most investigated materials. 1In this context, a limited
study has been carried out on 'sulphur-vulcanised' Natsyn
2200 elastomers.

(b) l3C-NMR spectra

The spectra of the various cis-l,4—polyisoprene samples)
presented in Figures 3.39 and 3.40, reveal-five clear |
distinguishable singlet resoﬁancé peaks, which are attributed
tp the methyl, two methylene, and two ethYlehic carbon atoms
of the polymer, all of different intensity. Thus, the SPectra
of these Natsyn 2200 systems with and without additives
(Table 3.12) can be interpreted in terms of u single repeating

CH3

]
2—C=CH—CH2—)n, as is indicated with the structures

superimposed on the spectra in Figures 3.39 and 3.40. The

unit, (~CH

structural units arevlabelled afbitrarily as illustrated in
appropriate figures as a matter of convenience for discussing
the assignment of resonance peaks.

The resonance peaks of the two ethylenic carbon atoms
occur at a low field strength, whereas_thoSé of the methyl and
methylene carbon atoms occur in the high field region.

Assignment of the resonance peaks to épeCific carbon atoms

126

was originaliy made by Duch and Grant, in which they used .

the technique of selective decoupling. The results of proton
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I'igure 3. 39. ¢ NMR spectra of a type 1, Natsyn 2200, clasbtomey.,
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nuclear magnetic resonance studies for natural and synthetic
cis and trans-1,4-polyisoprenes were particularly useful in
this respect.363_365 The resonance peak of the .-carbon
atom, for which the large proton couplings are absent, was
assigned to the lowest field peak, bécause’it:enhanced to a
sharp singlet over a wide range:of découpliﬁg frequenéies, and,
thus, indicated the absence of a directly’bonded proton.
The resonance of the g-carbon, however, collapsed to a sharp
singlet only when the singlet directly bonded-ethylenic
hydrogen was selectively decoupled. The assiqnment for the
methyl carbon atom was made by Duch and Gran't,lz6 in a similar
procedure involving selective decoupling of the methyl
protons. The y-é-methylene fesonance peaks were not
separated from one another in the proton nuclear magnetic
resonance spectra, and consequently, their corresponding
assignments in the carbon-13 nuclear magnetié resonance were
not possible by the selective decoupling.technique; and,
theréfore, Duch and Grant assigned the resor.ance peaks on én |
inspection of simple cis- and trans-1,4 polyisoprene models.:
It is'clearly evident from the indicated:spectra that the
simplicity of the proton-decoupled carbon-13 nuclear magnétic
resonance spectra of a variety of Natsyn 2200 elastomers, run
using magic ‘angle spinning and also in one case with cross
polarisation, with well separated singlet peaks provides
readily interpretation of chemical shifts. Howevef, it is not
possible currently to obtain information of minor étructures

resulting from crosslinking structures or additives, that was

originally anticipated for.. (It should be roted that one crqss—'
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link occurs on average per 100 isoprene units.) The inherent
potentlallty of a high resolution solid state NMR Spectroscopy
may prove useful in future for elucidating the chemistry of

'sulphur-vulcanisation'.



CHAPTER FOUR

AN ESCA INVESTIGATION OF A SERIES OF SOLPRENE

1204 CURED ELASTOMERS

PART IT



4,1 Introduction

The investigation in chapter three revealed thaﬁ) in "
pérticular-rﬁbber, higher levels}of additives are vpresent
at the surface than in the bulk in contraﬁt to the level of
zinc, where‘the latter increésed with increasing ESCA depth
profile into the bulk. The 'swelling' data taken in cbnjunction
with the ESCA data indicated on average oné,sulphur crosslink
after 100 repeat units of isoprene in Natéyh éZOO cured |
elastomérs, |

This chapter, as avconfinuatioﬁ to the Systematic study
of elastomers, deals with a variety of Solprene 1204
elaétomers,ucured on a calenderiné system at lSOoC.in air
, with a 2 mm nip setting to draw into sheets for an ESCA study.
The.detailed compositions of the bulk forﬁulaﬁion are
'indicated,in Table 4.1. The various_ingredients in the
different'types of elastomers are added to'obtain theJdesired'
mechanical properties.l’2'47'48’301 A conventional high
sulpﬁur—low agcelerator system produées a high percentage of
vpolysulphide crosslinks and high accelefatér-low sulphur
systems prdgq? mainly mono- or di§ulphide‘cr0551ink$ With é
greater resistance to reversion and aging, put inferiot in
mechanical properties than the elastomers cOntaining high
proportion of poiysulphide.crosslinks.l'2

As notedvpreviously, despite the scientific and
technological importance of elastomers and the large. number
of-investigqtions;'which have been made, these primarily
pertain to bulk analysis by the usual chemical and;bhysical

95-97,115,123-125

me thods. There has been very little or no



(a) Type
weight mole weight mole weight m
% % % : % %
‘Solprene 90.1 94.7 97;8 94;4 90.0 94.7
Zinc oxide 4.5 3.9 - - 4.5 3.9
Stearic acid 1.8 0.44 -~ - 1.8 - 0.44
CBS 0.9  0.24 -~ - -
Sulphur 1.8 0.49 -~ - 0.63 0.17
Dicup R - - 1.3 0.32 -
TBTD - - - - 0.63 0.11
MBS - - - - 1.53 0.47
DTDM  - - - - - -
TMTD - - - - - -
Permanax B- 0.9 0.28 0.98 0.29 0.90 0.28
Cure time (minutes) at 150°%
'56% (partial) 42 - 22
100% (optimum) 60 120 60

CBS CYlebexylbenzthiazyl sulphenamide
‘Dicup R Dicunyl peroxide
TBTD Tetrabutylthiuram disulphide
MBS 2-(4—morpholinylmerca§to)benzthiazole
DTDM Dimorpﬁoline'disﬁlphide |
TMTD Tetrameth?lthiura& disulphide

Table 4.1

Solprene 1204 Formulation -

1 2 3

4

89.8

186

ole weight mole

]

94,
3.9

0. 44

60

(b) Raw polymer: Solprene 2nO Stearic acid CBS Sulphur

/ - -

Dicumyl peroxide TBTD MBS DTDM TMTD

Permanax B
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~work recorded in the literatﬁre on the surface study of
industrially important elastomers;284 and, LSCA offers an
excellent possibility for undertaking such study.

vThe raw Solprene, kindly supplied by Dunlop, is a butadiene-
styrene randoﬁ copolymer  (75% butadieﬁe and 25% styrene by |
weight) polymerised in solution. This chapter is, again,
exclusively concerned with the ESCA investigation of ﬁhe as
received elastomers before applying the piésma tcchniqués to

elaborate the crosslink functionality.

4.2 Experimental
The.experimental.procedure4i$ essentially the same as in
_ chapter three and the details are, therefbfe,»not repeated»heré.
(1) Samples of raw Solprene 1204 ahd thechfed
Solprene, partially and fully cured systems in
Table 4.1, prepared at Dunlop, were received with
- protective sheets of either pigmented polyethylehe
(éured samples) 6r polyéthyleneterephthalate
(uncured Solprene 1204). |
(ii) ‘Tﬂe gégg%gg have been studied by ESCA over a
| péridd bf time, however, in thgwlight of
‘difficﬁlties experienced with the anured NatsYn
2200, the spectra for the uncured Solprene with
additives have not yet been obtained. The‘spectra,
which have been‘recorded of the uncured system,
are those of a résidﬁal film adhering to the PET
film since the removal of this film results in

cohesive failure in the rubber layef.
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(iii) The samples have been handled in air. The cured
elastomers were cut to a size (20 mm x 6 mm X
2.5 mm) appropriate for mounting onto the
spectrometer probe tip. In all cases, the samples
were cut to a size with‘a pair of scissors, carc
being taken not to contaminate the surface of the
sample, during this procedure.

(iv) Samples for Multiple Attenuated Infrared
spectrosc0pic examination were also prepared by
cgtting from the original sample, a section of the
appropriate size to place agaihst either a Ge or
KRS5 crystal.

(v) The ESCA stddy has been carried out on aﬁ AEI
ES200B spectrometer, using Mngl.z radiation of

’

energy 1253.7 eV and Au4f level at 84 eV

7
binding enerqgy for calibraéion purpdses, and under
these conditions had a full width at half maximum
(FWHM) of ~ 1.2 eV.

(vi) . In all‘céses,'the deéonvOlutions of the spectfa
were carried but on a Dupont (model 310).Curve
Resolver with the possible errors of + 0.2 eV in

binding energies and the area ratios in the range

of + 5

oe

(vii)  The 'swelling' procedure was performed in the
manner outlined in chapter three. A theoretical
interaction parameter (0.360) between the Solprene
1204 and the cyclohexane solvent has been used in

the Flory-Rehner equation for the evaluation of
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‘effective crosslinking density and, hcnpe, tﬁé
average molecular weight between the crosslink
points. |

(viii) 'Microanalysis has been carried out as in chapter

three.

(ix) Background information on the samples

The detailed bulk composition of Solprene'
1204 formulations together with curing times for
a variety of elastomers.is indicated in Table 4.1,
Vulcanisation is affected Dy heating the premix
of rubber on a calendering syster at 150°C in
air, with a 2 mm nip setting‘to draw into sheets

(chapter three).

4.3 Results and Discussion

4.3.1 'Swelling' data

The main objective in this part of study has been to use
the 'swelling' data in conjunction with the ESCA data for the
estimationvof ﬁhe average number of sulphur atoms; involved
in cfosslinking two polymer chains. The detailed 'swelling'
behaviour of elastomers in solvents with different solubili£y 
parameters is elaborated in chapter three and, it is cdﬁvenient

to provide only the results for Solprene 1204 systems,

immersed in cyclohexane solvent. A theoretical vaiue of
Solprene 1204—cyclohexane interaction parameter (0.360) in
the Flory-Rehner equation (3.3) 73775 is used for the
determination of average molecular weight bétween crosslinks.

The results are indicated in Tables 4.2 and 4.3. The modulus

at low elongations can be calculated from equation (3.6),




190

Table 4.2

Optimum cured, Solprene 1204, elastomers

Type Crosslinking density Average molecular Young's modulus

Ve (m—3) weight between (lO5 Nm_z)
crosslinks Mc
1 198 4,950 14.3
2 , 548 1,790 39.6
3. 193 5,090 ) 14.0
4 229 4,280 ) 16.6

Table 4.3

Partially (50%) cured, Solprene 1204, elastomers

Type 1 Crosslinking density Average molecular Young's modulus

ve (m3) weight between ' (10° Nm—2)
crosslinks :
1 214 4,580 15.5
3 210 : 4,670 15.2
4 186 5,270 13.5

assuming that the density of vulcanised Solprene is 980 kg m"3

4,3.2 Microanalysis data

It is of-interest to compare the experimental results with
the bulk values used in the Solprene 1204 formulation before
considering the ESCA data in detail.

The resglts in Tables 4.4 and 4,5,.bb£ained using the
!wep—gshing? and 'combustion' methods (chapter three), indicate
that the results for the optimum and uncured samples are, in
géneggl, in good agreement with the theoretical values in

Table 4.6.
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Optimum cured Solprene 1204 (% by weight)

Type Carbon

1 83.4
2 89.3
3 84.1
4 83.7

Hydrogen

11.9
11.0
11.7

11.8

Nitrogen

Oxygen Sulphur Zinc

- 2.0 3.7
- 1.3 3.8
- lo_o 3 8

Table 4.5

Uncured Solprene 1204 (% by weight)

Type Carbon Hydrogen Nitrogen Oxygen Sulphur Zinc

1 83.7
2 89.2
3 83.5
4 83.2

11.7
10.8
10.8

11.2

0.6

- - 1.8 3.8
- 2.1 3.8
- 1.0 3.7

Table 4.6

Theoretical values for Solprene 1204 formulation
' (% by weight)

~Type Carbon Hydrogen Nitrogen Oxygen Sulphur Zinc

1 84
2 90
3 85
4 84.6

9.2
9.8
9.2
9.2

0.14

0.27

0.37

1.1 2.0 3.60
0.2 - -
1.3 0.64 3.6

1.5 0.73 3.6
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4,3,3 ESCA analyses of cured samples

(a) Type 1, Solprene 1204, elastomer

(i) Introduction

It is clearly evident from the microanalysis data in
Tables 4.4 ahd 4.5 and the details of the bulk composition given
in Table 4.1 and Table 4.6 in terms of weight'and normalised

-mole % terms thatthe C signal should predominantly arise

ls
Vfrom the Solprene 1204 carbon chaihs, with smaller cont:ibutions
from stearic acid, CBS and permanax B. The le signals would

be expected from both CBS and permanax B, whilst the sulphur
signal should predominantly arise from the édded sulphur

itself as:opposed to the sulphur of CBS. 2Zinc is added to

the formulaﬁion as the oxide to enhange the rate of cure,

Aand one 6bjéctive of the ESCA investigation is to affect a
fchemical speciation, in particular of zinc ana sulphur. The

ois
(low binding energy), from carboxylate and oxygen in stearate

signals can conceivably arise from residual metal oxide

> and permanax B respectively, and from any oxidative
gﬁgqtiqnalisétion,frbm sulphur (viz; soi') or from oxidatioﬁ
vathg Solpréne surface dufing cure on a calendering system

at lSOQC in air. In principle, the ESCA experiment provides
;;YQ measurable levels to define the C:N:S:Znéo'surfacev
.stﬁiéhiometry° Apart from any detail of fine structure sdch
aé-ﬁ4ﬂ* transitions mainly from n system offphenyl and the
remaining, if any, from the 7 bonding in butadiene, which
potéﬂ?ig}l¥ might provide'additional information, the
mggggggmgn? gf gply ﬁive levels does not all¢w an ambiguoﬁs:;f

assignment of surface composition. The straightforward crude
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analysis assumes that the ratio of the minor additives CBS
and permanax B (on their transformation products) remain the
same in the surface as in the bulk.

It is convenient to present the spectra for the optimum
cured elastomers and the relevant data are set out in

appropriate tables.

(ii) Optimum cured type 1, Solprene 1204, elastomer
The core level spectra at electron take-off angles of
30° and 70° for the optimum cured type 1, Solprene 1204,
elastomer are presented in Figure 4.1 and the relevant

intensity ratios for the components are set out in Table 4.7.

Table 4.7
Optimum cured type 1, Solprene 1204, elastomer

Intensity ratios

Take-off angle Cls/o Cls/N Cls/s Cls/zn Zn:‘p/S
1s 1s 2p 3p 2p

30° 5 61 25 13 2.0

70° 4.6 96 34 15 2.2

The angular dependent data reveal that the sample is
reasonably homogeneous, in terms of stoichiometry, as a
function of profile depth into the sample. The ClS levels
indicate a broadened signal compared with the raw solprene
without additives (FWHM 1.8 eV vs. 1.5 eV respectively), and
the anticipated w>n* transitions from the = system of phenyl
are absent, compared with the raw solprene, suggesting that the

surface covered with a layer of polybutadiene; and the



194

sIsuwoj3sero ! , S
asel yOz1 ousxdios ‘T m.,owu paino wmurtido ue Jo exjoads uOTINTOSSI YBTH °1°¥ aanbTd

{A®]) A9Y3IN3 ONIONIE
mch
n~m m—Z St
st
€8 S8 L8 68 16 €6 G6 651 19t €9l S91 . 0 >
_ 6 ¢ L9t 691 o6€ gSE 007 207 07 626 165 EES SE€S LES
. _6st 19 oL & _96E g8 01 % S 1€ €S L 182 £gZ BT LB 68l 162 E6Z
) A B gz 1pt  Ef

€x

0€EX
IR

Y

o

< __

. 1 3dAL ,
H3WOLSY13 © 7071 INJHAT0S © Q3YND WNWILdO




195

absence of unsaturation in the surface regién, as far as
the ESCA depth sampling is concerned, is aséociated with the
oxidative functionalities, as is evidenced by the high
binding energy tail of C1S envelope.

The high resolution spectra also reveél nitrogen and

sulphur, the latter (S levels) being broadened by the

2p
presence of at least two components, the higher binding

energy peaks after deconvolution are attributed to organic

sulphide (including polysulphide), and the lower binding

energies to zinc sulphide (FWHM 3.6 eV of S2p for the ‘'sulphur-

vulcanised' Solprene vs. 2.2 eV of S for ZnsS). Oxygen

2p
and zinc are also detected at reasonable levels.

The bulk formulation of the type 1 elastomer gives a mole
~ratio of permanax B to CBS of 1.2:1. The N,, signal intensity

arises from the CBS and permanax B, whilst the C spectrum

1ls
derives predominantly from the Solprene 1204 framework

- (Solprene 1204 is a butadiene-styrene random polymer of
composition, 75% butadiene and 25% styrene by weight, polymerised

in solution), and the remaining C,_ signal arises from.the

1s
‘additives (other than sulphur and zinc oxide for which the
analysis in chapter three indicated a small contribution due

to the overlayér of hydrocarbon.contamination). The Cls

/le

intensity ratio corrected for the differenceé in cross-section
provides a means of assessing the C:N stoichiometry in the
profilé depth, monitored by ESCA. Since these are the only
two additives in the type 1 system to contribute to the le
signal, one may accommlish a straightforward crude surface

analysis, as follows:-
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il

Let x moles % of Solprene

Let Y moles of CBS, then permanax B = 1.2Y

Total Cls signal

Total le signal

5x + 13Y + 1.5 x 1.2Y

2y + 1.2Y

5x + 31y

S 5y = 61 x 1.19 = 73

-’9‘ = 40.
(if one considers any contribution from stearate, the
value‘of g is still the'éame order of magnitude (" 34).)
The results for the optimum cured tyée 1;.Solprene 1204,
elastomer at 30° and 70° take-off angles are given in Table
4.8, indicating higher levels of additives by a factor of
eight at the surface than in the bulk, and, in contrast, the
level of zinc at the surface is less ccmpa}éd fo thelbulk
(v 3.8 mole 3). |
The 'swelling' data (section 4.3.1) takeh in conjunction
intenSity rat{g) brovides a
| /Szp ‘ |
basis for the estimation of the average number of sulphur

with the ESCA data (Cls

atoms,'involveg=in crosslinking two polymer chains.

As has already been reiterated in chaptefs one and three;

3-79

the Flory-Rehner equation7 ‘allows the evaluation of the

number average molecular weight between  the crosslink points
of the polymer chains. The use of this data together with

the Cls intensity ratio, particularly of high binding
/SZp - ‘
energy components after deconvolution of S2D neak, allow

oy

further for an estimate of the average number:=of sulphur

atoms between the crosslink points of two‘pOIYmer chains; and
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the estimate is carried out in the same procedure’adoéted
for the Natsyn-zzbo systems in'chapter_thrge. The sulphur
functionality on average is two, 1nchating‘disulphide_ |
linkages and the sulphide crosslinkage 0ccuts after ~ 70

Solpréne repeat units. -
Table 4.8
Optimum cured tyve 1, Solobrene 1204, elastomer

Surfacevcomposition (mole %)

Take~off angle Solprener CBS Permanax B - Zn

30° 100 2.5 3 . . 2.9

70° 100 1.5 . ., 1.8 . 2.5

(iii) 50% cured type 1, Solprene 1204, elastomor
The relevant data for a partially CurEd-tYDC 1 sample
at 30° and. 70° take-off angles are set out in Table 4.9. The
angular dependent data reveal that the surface is homogénéous.
Table 4.9

50% gcured type 1, Selprene 1204, elastomer

FURAS

(a) Intensity ratios

Take-off C,_  C c, c, | ‘

eala “1s ls 1s 1s 3P 4

angle /05 Mg /Sp /%Ny, /S2p
30° 6 127 29 19 1.5
70° 5 135 a3 19 2.3

(b) Surface composition (mole %)

Take-off angle Solprene CBS Permanax B Zn

O

30 100 - 1.1 13 - 2.0

O

70f 10 1,0 1,2 2.0
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in terms of stoichiometry, as a function of denth into -the
: sample;

The high resolution C spectra at both take-off angles

1s
did not reveal any evidence for the n-n* shake;up‘tranéitions
and, this is associated with oxidative fgnctiénalisation at
high binding energy tail of Cls envelope; and, also, showed
broadened signals compared with the raw Solprene without
additives (FWHM 1.8 eV for both take-off angles vs. 1.5 eV
respectively);

The high resolution spectra also revealed nitrogen:
and sulphur, thé latter being broadened by the presence of at

least two components, organic sulphide and zinc sulphide

(FWHM 3.7 eV for both take-off angles vs. 2.2 eV of SZp in

ZnS). Oxygen and zinc were also monitored at reasonab le
levels.:

| The surface composition in Table 4.9, based on the.
previous éalculations, indicates higher leveis of additives
at the surface than in the bulk,Abeihg sméller compared to
the surface composition for an optimum cured type 1 samnle, -
whilst the level of zingc, being less than in the bulk, is
the same at both take-off angles for.the partially cured
vample .

The partially cuxéd elastomer possesses on' average

trisulphide linkages.

(b) Type 2, Solprene 1204, elastomer

{i) Introduction

The bulk composition of type 2 system in Table 4.1

suggests that the'Cls intensity should predominantly derive
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from Solprene framework, with small contributions from

permanaxX B and dicumyl peroxide. The N signal would be

1s
expected only from permanax B, since this is the only
additive containing nitrogen in the system. The bulk
formulation is, therefore, simpler than sulphur-vulcanised

series. In principle, the ESCA monitors C o) and N

s’ “1s ls
levels to define the surface stoichiometry on the same
assumptions, which have been stated for type 1 sample.

(ii) Optimum cured type 2, Solprene 1204, elastomer

The Cls levels in Figure 4.2 reveal a broadened signal
compared with the raw Solprene without additives (FWHM 1.8 eV
vs. 1.5 eV respectively), and the w»nv* transitions are

absent as far as the ESCA depth profile is concerned, which,
otherwise, would have accounted for the unsaturation in the
surface region. The oxidation of the surface during cure

on a calendering system at 150°C for 120 minutes in the
presence of peroxide as a curing agent accounts for the
absence of carbon-carbon double bonds. The relevant data

are set out iﬁ Table 4.10. The high resolution spectra also
showed oxygen and nitrogen, the latter being relatively of
low level, and, in addition, zinc and silicon of high

intensity are detected as contaminant, which the silicon in

the form of silica accounts partly for a high ratio of Cls

/0
. . 1s
in the surface region.

The surface composition indicates higher levels of

additives than in the bulk by a factor of twenty five.
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1204 . ELASTOMER

RED , SOLPRENE
TYWPE 2

ceTiMuM €U
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Css - O - Nis. '
BINOING ENEROGY (V) ,

Figure 4.2. ligh resolution spectra of an optlmum cured.type 2"7
Ho]prene 1204, elastomer S
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Table 4.10

Optimum cured type 2, Solprene 1204, elastomer

(a) Intensity ratios

Take-off angle Cls C C

C

1s ls ,.. 1s _

/015 Mg /iy T/,
30° 1.6 89. 1.9 19
70° 1.4 - 1.7 15

'(b) Surface composition (mole $%)

Take-off angle Solprene Dicumyl peroxide Permanax B  Zn
30° 100 8.0 7 2.0

70° - - - 2.5

(c) Type 3, Solprene 1204, elastomer

(1) Introduction

The bulk formulation for the'type‘3 sample in Tabié»4.i
._again indicates that the ClS signals should predominantl?v-
‘dérive from the Solprene framework, with small contributions
from stearic acid, TBTD, MBS and permanax B. The le'signais_
‘are expected from TBTD, MBS and permanax B, whilst the .
su}phur intensity should arise by half from the added‘sulphur
'itSélf.ag opposed to the sulphur of CBS. The OlS signals |
can cohceivabiy arise from residual metal oxide (low binding
enerqgy), from carboxylate and oxygen in stearate, permanax B
and MBS respectively, and from the oxidation of the Solpreﬁe)l
"dg%inj cure. bIn principle, the Cigr Opqr Nygv Sép andensb;;f,
levels again allow an_unambiguous-éssignmen£ of the surfééé?;:

composition, on the same assumptions stated previously.
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(ii) Optimum cured tyve 3;‘Solprene 12Q4, elastomer
The core level spectra at 30° and 70° electron take-off
angles are presented in Figure 4.3 and the relevant intensity
ratios together with the surface composition are set out in

Table 4.11.

Table 4.11

Optimum cured type 3, Solprene 1204, elastomer

(a) Intensity ratios

Take-off C, Ciq Cq Clq Zn,
angles /Ols /le /S2p /Zn3p r-/Szp
30° 5 22 7 9 o.8
70°. 5 27 8 10.5 0.8

(b) Surface composition (mole %)

Take-off Solprene TBTD MBS Permanax B Zn

angles
30° 100 0.3 12 0.7 4.0
70° 100 0.2 9 0.6 3.6

o The.angular dependent data indicate that the surface
is homogeneous, as a function of ESCA depth profile into. the

sample and higher levels of accelerators. and antioxidant are

present by a factor of approximately two than in the bulk.

Th‘e‘Cls spectra at both take-off angles reveal oxidative

functionalisation, as is evidenced by the hich energy tail of
,Cis_envé10pe with the absence of #n»7n* shake-up transitions;
andvalso show'broadened:signais compared with raw'Solprenef f”

without additives (FWHM 1.9 eV for both take-off angles vs,j:‘

l.S'eV respectively).
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The high resolution spectra also reveal'oxygeﬁ, nitrogen;
silicon as contaminant, zinc and sulphur at reasonable levels,
the latter is broadened by the presence of at least two
éomﬁonents (FWHM 3.8'eV for both take?off angles vs. 2.2 eV
of S2p in 2ZnSs). | | |

The sulphur functionalities of eleven and eight on average
at 300 and 70° take-off angles respectively suggest that at

least ten sulphur atoms are involved in crosslinking two

polymer chains.

(iii) 50% cured type 3,.Solprenel elastomer
_ Thevcls spectra showed oxidative functiénalisation.at
30° and 70° take—off‘angles, with the complete absence of
m»n* shake-up transitions, and also broadened signals
COmpared with the raw solprene wifhout additives'(FWHM 2.0 eV
vs. 1.5 eV fespectively). | |
The high resolution also revealed oxyger., nitrogen;‘zinc

and sulphur at reasonable levels, the S signal is broadened

2p
compared with the ZnsS (FWHM 4.0 eV for both take~off angles
vs., 2.2 eV-respectively)° Silicon was also detected as
cdntaminanﬁ.

The data in Table 4.12 indicate higher levels of
addipives at the surface than in the bulk, in contrast to the
level of zinc, which.increases only slightly on the ESCA
depth profile into the sample; and, the surface is inhomo-
geneous, in terms of steichiometry, as a.fuhctidn of depth -
into"the sample.

The sulphur functionalities*of eight and eiX'oﬁvaveragefzk‘

at 30° and 70° take-off angles ;eSpectively indicate at Leagti

seven eulghur atoms in the polysulphide linkage.
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Table 4.12

50% cured type 3, Solprene 1204, elastomer

(a) Intensity ratios

Take-off C,_ €1 Clq cls Zn3p
angle /Ols /le /S2p /Zn3p /S2p
30° 4 27 12 12 1.0
70° 4 42 16 15 1.1

(b) Surface composition (mole %)

Take-off Solprene TBTD MBS Permanax B 7Zn

angle
30° 100 0.2 9 0.6 3.0
70° 100 0.1 5.4 0.3 2.5

(d) TYpe 4, Solorene 1204, elastomer

(i} Introduction

It is clear from the preceding discussion that the Cls
signal arises predominantly from the Solprene, with smaller
contributions from the additives. The le signals are |
expected from MBS, DTDM, TMTD and permanax B, whilst the
sulphur intensity should arise from the sulohur of MBS, DTDM
and TMTD, since the system does not contain free sulphur
(Table 4.1). The 0ls signals can conceivably arise from
oxygen in zinc oxide, stearate, MBS, permanax B and from
oxidation of the Solprene during cure on a calendering system
at 150°C in air.

The C o,., N S and Zn levels monitored by ESCA

1s’ “1s 1s’ "2p 3p

again allow unambiguous assignments of surface composition on

the same assumptioﬁs stated previously.
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(ii) Optimum cured typve 4, Solprene, elastomer

The data in Table 4.13, extracted from the raw spectra in
Figure 4.4, indicate that the surface is reasonably
homogeneous, in terms of stoichiometry, as a function of ESCA
depth profile into the sample. The Cls levels at both take-

off angles indicate oxidative functionalisation, as is

Table 4.13

Optimum cured type 4, Solprene 1204, e¢lastomer

(a) 1Intensity ratios

Take-off C,_ ' Clq Cla Cla 2
angle /OlS /le /S2p /Zn3p /SZp
30° 6 26 11 10 1.1
70° 7 31 14 12 1.2

(b) Surface composition (mole %)

Take-off Solprene TMTD MBS Permanax B DTDM 7Zn

angle
30° 100 1.0 2.4 2.5 5.2 3.7
70°

100 0.8 1.9 2.0 4.2 3.1

evidenced by the high energy tail of C s envelopes, and,

1
also, show broadened signals compared with the raw Solprene
without additiyes (FWHM 1.9 eV for both take-off angles vs.
1.5 eV respectively).

The high resolution spectra also revealed nitrogen,
oxygen, silicon (as contaminant), zinc and salphur, the

latter is broadened compared with zinc sulphide (FWHM 3.8 eV

vs. 2.2 eV respectively).
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The sulohur functionalities of seven and four on average
at 30° and 70° take-off angles resvectively, indicate at
least six sulphur atoms in the polysulphide linkage.

(iii) 50% cured type 4, Solprene 1204, elastomex

The data in Table 4.14 are fairly self explanatory. The
surface is reasonably homogeneous as a function of ESCA
depth profile into the sample and reveal higher levels of
antioxidant and accelerators, whereas the level of zinc in

the surface region is approximately the same as in the bulk.

Table 4.14

50% cured type 4, Solprene 1204, elastomer

(a) Intensity ratios

Take~off C C C C Zn
is 1s 1s 1s 3p
angle /OlS /le /S2p /Zn3p /S2p
30° 4 26 9 10 0.9
70° 4 32 14 14 1.0

(b) Surface composition (mole %)

Take-off Solprene TMTD MBS Permanax B DTDM Zn

angle
30° 100 1.0 2.4 2.5 5.2 3.7
70° 100 0.8 1.9 2.0 4.1 2.7
The C signals at both take-off angles had the same FWHM as

1s
those of optimum cured samples and reveal oxidative
functionalities with the complete absence of w»n* transitions.
The S2p Ssignals detected at reasonable levels were also
broadeﬁed, compared with the zinc sulphide (FWHM 3.8 eV vs.
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2.2 eV respectively). The sulphur functionalities at 30°
and 70° take-off angles are eight and seven on average

respectively, indicating polysulphide linkages.

4.3.4 Uncured Solprene 1204 samples

{a) Introduction

Three samples of uncured Solprene 1204 formulation have
been received, are as follows: |

(i) Compressed, solution polymerised butadiene-~styrene
random polymer of composition, 75% butadiene and
25% styrene by weight. Samples have been cut
directly for ESCA examination either for the
investigation of the as received surfaces or for
the fresh surfaces exposed with a scalpel blade.

(ii) Raw Solprene 1204 milled for ten minutes and
vressed for five minutes at an elevated temperature
(100°C). A sample of appropriate size (20 mm x
7 mm x 3 mm) was prepared by cutting with a pair
of scissors from the original sample.

(iii) Uncured Solprene 1204 formulations with additives
(Table 4.1). As the difficulties have previously
been experienced with the uncured Natsyn 2200
formulation in chapter three, the large number of
voids arising during the mixing process e%plpded
the samples on introduction to the high vacuum
system of the spectrometer, causing on several
occasions contaminagtion of the window; and,
therefore, no further attempt has been made to
obtain the spectra for the uncured sYstems with

additives.
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(b) Solution polymerised buﬁadiene-styrene random polymer

(i) As received surface

The widee yean for the an recelved Solprene 1204 gomple
revealed Cls and Ols levels, together little evidence for
silicon as contaminant. The high resolution spectra are

w : presented in Figure 4.5 and the relevant data are set.out

in Table 4.15. The C spectrum indicates a symmetrical

1s

SOLUTION  POLYMERISED SOLPRENE 1204

293 291 260 287 285 287 28T 537 535 533 &1 599
Cis | O1s
BINDING ENERGY [eV)

Figure 4.5. c,, and 0,  levels for the as reeeived Solorene

1204 (solution nolymerised).

'3peak with a low 1ntens1ty (1.9%) of non* transitions,

'associated with the = system, separated by ~ 7.0 ev from the ;

direct photoionisation peak. The rather high level of Qxygepf

’ may not however, be associated with the oxidative degradéﬁnege'

1



Table 4.15

Intensity ratios for the solution poiymerised
(butadiene-styrene) Solpreme 1204

C C
1s 1s ,q.
/Ols /Sl2p
As received 6 13
Freshly exposed surface 9 14

of the as received

reasonable level.

(ii) Freshly exposed surface

The data for the freshly exposed surface are set out in
Table 4.15 for comparison purposes. The level of oxygen is
now somewhat lower than the as received Solprene 1204. The
Cls spectrum again indicated a symmetrical peak, with a
intensity (v 2.4%) of w»7* transitions arising from the =
system of Solprene and, this indicates that the n»r* signal
is entirely from butadiene. The relative intensity of the
shake-up peak is higher than for the original surface, and
in the light of the oxygen and silicon intensities, the most
likely explanation for this is an overlayer of hydroéarbon
contamination on the original sample (this would contribute

to the direct photoionisation but not to the mn»r* transitions).

(c) Raw Solprene 1204

The wide scans at 30° and 70° take-off ar.gles indicated
little evidence for anything other than ClS and Ols levels.
The data obtained from high resolution spectra in Figure 4.6

are set out in Table 4.16.
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RAW SOLPRENE 1204

70°
X10

X10
30 X33
X10

i n ' A i L i i
763 291 260 287 285 263 261 57 S35 513 531 529

Cys O1s
BINDING ENERGY (ev)

C and O levels for the as received, raw
1ls 1ls

Solprene 1204, milled for 10 minutes and pressed
for 5 minutes at 100°cC.

Table 4.16

Intensity ratios for raw Solprene, milled for 10
minutes and pressed for 5 minutes at 100°C

Intensity ratios Cls C
Take-off angle /0y

o

30 13 25

70° 6 9
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1s
from the carbon framework together with a low intensity

The C,_ svectrum reveals a symmetrical peak, arisiﬁg

(& 1.5%) of w+n*.transitions, separated by ~ 7.0 eV from

‘the main photoionisation peak. The relative intensity of the
shake-up satellite at 30° take-off anagle is slightly highef
than fer 70° take-off angle; and, therefore, a low level of
oxygen may not be associated with oxidative‘degradation:of
the Solprene surface since silicon was also detected at a
reasonable level. The shake-up inteﬁsity fgr-BOO electron
take-off angie is slightly lower than that required for
statistical sampling of the repeat ﬁnit.

4.3.5 Summary of an ESCA investigation of a series of
Solprene 1204 elastomers

The schematic representation in Fiqgure 4.7 summarises

the ESCA investigation of a variety of Solprene 1204 elastomets
v(cured on a calendering system at 150°C in air‘with'a 2'mﬁ nib'
settihg to draw into sheets) that the results are eemplementary
to NatSYn 2200 systems in chapter three. The levels ef .
antioxidant‘and accelerators are higher at the sufface than‘
in the bulk, whilst the level of zinc increases with B
increasing ESCA depth profile into the bulk. The details
of the bulk formulation in terms of weight and normaiised~
mole % are indicated in Table 4.1. |

i The optimum cured type 1 and type 4 elastomers indicate
a decrease in the sulphur functionality with increasing cure

”.time than the corresponding partially cured svstems,

suggesting thatthe higher level of sulphur present at the‘; 3
isurface of partially cured type l and type 4 is lost either o

: by evaporation or by blooming on a prolonged exposure to heat
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on a calendering system at lSOOC, whéreas the increase in
sulphur functionality for the optimum cured tYpe'3; in contrast
to the type 1 and type 4 Systemé, is most likely to be |
associated with the diffusion of sulphur from the bulk to

the surface. The rate of loss of sulphur is, therefbre,
manifested by the extent of volafilisation; which causes

a concentration gradient near the surface.

It is also of interest to compare the Zn ratios,

3p
/S2p

particularly of low binding energy components of Szp, of a

variety of elastomers with the theoretical Value (l.5),_énd _

the relevant data are indicated in Table 4.17.

Table 4.17

Ratios of Zn LBE (low binding energy components

3p
v /S2p
of-S20 levels) for a variety of Solprene 1204
) elastomers
Type 1 2 3 4
Optimum cure 3.2 - 1.3 1.9
- 50% cure 3.7 - 2.1 1.6

A gompariSon of data with the theoretical Valué (1.§)
,suggesésrthét more sulphur is needed in the surfaceirééionf 

_thahlis addéd into the bulk. Conversely, it'equally implies

"that excess zinc is present in the surface 1egioné than is

required for the Solprene 1204 formulation.

4,3,6 Infrared spectra

The MATR spectra for a variety of Solorene 1204 elastémér§ 

‘have peén obtained by placing the samples of appropriate s;'qﬁi

it l



against the reflector plate of thalium bromo~iodide_(KRS—5)
with a refractive index of 2.4 and with a 45° angle of
incidence. The details of MATR épectroscopy are provided in
chapter three. Tt is convenient o deal with the reorcsent-

atlve examples glince the MATR spectroscoplo cezamination
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revealed simllar spectra for the various types of elastomers.

Figurc 4.8 illustrates the spectra of type 1, Zolprene
1204, clastomer as a function of cure time (on a calendexring
system at 150°C in air), whose detailed bulk comnosition is

indicated in Table 4.1. The IR bands at 11.0, 10.1, 7.1 and

MICRONS

14
—3 4 ¥ . B 7 f—pB9 o w1 207 M4
TYPE 1 SOLPREwE 104 _
OPTIHMUM CURED
50 % CURED
UNCURED
— A —r " " i 1 4 i L i
oo 500 3600 7500 T8 800 800 %00 200 o #0660 0 2%

WAVENUMBER (CM~1)

Figqure 4.8. Infrared spectra of type 1 Solprene.
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6.1 microns are attributed to -CH=CH units, while the

2
'strong absorption at 6.9 micron signifies the satdratioh of
these vinyl bonds. The very strong appearance Ofva_peak
at 10.35 micron can be identified as 1,4-po’1ybutaaiehe, with
cyclised structures and a small amount of ;rans—CH=CH—
units. |

The strong absorptions at 13.2 and 14.3'micfons are
characteristics of pendant monosubstituted benzene rings.v A
comparison of spectra with the ESCA data clearly reveals
that the polystyrene is situaﬁed below the ESCA ﬁfofile depth
< 508. However, it is not possible to obtéin information of
mihor structures resulting from crosslinking'structurés or
additives. Further details of IR assignments can be found

.elsewhere.106’107



CHAPTER FIVE

AN ESCA INVESTIGATION OF A SERIES OF

KRYNAC 34/50 CURED ELASTOMERS

PART ITII
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5.1 Introduction

This last chapter, as a continuation to the systematic
study of elastomers, is exclusively concerned with the ESCA
investigation of as received nitrile rubbers. The detailed
compositions of the bulk formulation for a variety of
Krynac (nitrile) 34/54 elastomers are given in Table 5.2.
The ingredients are added to obtain the desired

1,2,366-368 1. elastomers were cured on a

properties.
calendering system at 150°C in air with a 2 mm nip setting
to draw into sheets for the ESCA study.

The nitrile rubbers are chemically unsaturated copolymers
of butadiene and acrylonitrile (66% butadiene and 34%
acrylonitrile by weight) that undergo vulcanisation reactions
in the presence of sulphur and other vulcanising agents
(chapter one); and, the sé formed vulcanisates are resistant
to a wide varietyvof liquids, in particular oils.

The nitrile rubbers are prepared in emulsion systems
similar to those used for styrene-butadiene (SBR) rubbers. A

typical polymerisation recipe is shown in Table 5.1. 1In

geneéral terms, the monomers are emulsified in water and

agitated at a constant temperature before a catalyst is added

to generate free radicals and; hence, initiation of polymerisation
After the desired degree of polymerisation, ¢ short-stop is

added to inactivate the catalyst. The residual monomers are
removed from the emulsion system by degassing and vacuum
distillation and, then, a'stabiliser or antioxidént is added

to protect the raw polymer during drying and storage periods.

The emulsifiers are usually alkali salts of sulphonated alkyl
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Table 5.1

Typical polymerisation recipe (parts by weight)

Butadiene 67.0
Acrylonitrile 33.0
Water 200.0
Emulsifier 3.5
Modifier 0.5
Electrolytes 0.3
Catalyst 0.1
Activator 0.05
Short-stop 0.1
Stabiliser 1.25

aryl carboxylic acids, not the fatty acids as employed in the
polymerisation of SBR. The 'hot' polymerisation system
employs an alkali metal persulphate or an organic peroxide as
a catalyst that generates free radicals through thermal
decomposition. The 'cold' polymerisation system employs an
organic hydroperoxide that requires an activator to initiate
the generation of free radicals by reduction of the catalyst.
The 'redox' activator contains a chelated ferrous salt and a
sulphoxylate reducer, and is used in conjunction with a catalyst
such as cumene hydroperoxide. An alkyl mercapntan is employed
as a modifier to control the degree of volyme2risation and,
hence, the Mooney viscosity of the nitrile rubbers. It is
anticipated that fhe use of ingredients containing sulphate

groups in the polymerisation recipe and the high sensitivity
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of ESCA may lead to ambiguous interpretation on the nature

of oxidation of organic sulphides linking the polymer chains.

5.2 Experimental

The experimental procedure has already been described in
the preceding chapters.

Samples of raw Krynac 34/50 and the cured Krynac, partially
and fully cured systems in Table 5.2, were received with
‘protective sheets of either pigmented polyethylene (cured
samples) or polyethyleneterephthalate (uncured Krynac 34/50).
In all cases, the samples have been handled in air and cut to
a size (20 mm X 6 mm X 2.5 mm), with a pair of scissors,
appropriate for mounting onto the spectrometer probe tip.
Spectra were recorded with an AEI ES200B spectrometer using

Mg radiation and Au level at B4 eV binding energy

K 4f

(¢}
1,2 7/2
for calibration purposes had a FWHM of ~ 1.2 eV. The spectra

were resolved and integrated with a DuPont curve resolver.

5.3 Results and Discussion

5.3.1 ESCA analysis of cured samples

(a) Tyoe 1, Krynac 34/50, elastomer

(i) Introduction

The bulk formulation of type 1, Krynac 34/50, elastomer
in terms of weight and normalised mole % terms in Table 5.2

suggests that the C S.signal intensity should predominantly

1
be derived from the Krynac framework with small contributions
from CBS, stearic acid and permanax B, whilst the NlS signal

would be expected predominantly from the Krynac itself as

opposed to the nitrogen of CBS and permanax B. .The S2p signal



Table 5.2

Krynac 34/50 Formulations
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%)

9.5

(a) Type 1 2 3 4
weight mole weight mole weight mole weight mole
(%) (%) (%) (%) (%) (%) (%) (
Krynac 34/50 90.5 95.7 90.7 95.8 85.8 90.7 97.6 9
Zinc oxide 4.5 3.2 4.5 3.2 - - -
Cadmium oxide - - - 4.3 1 -
Sulphur 1.4 0.31 0.2 0.04 0.4 0.1 -
CBS 0.9 0.21 - - - - -
Stearic acid 1.8 0.36 O. 0.18 1. 0.26 -
Permanax B 0.9 0.23 O. 0.23 0.9 0.22 1.0
Dicup R - - - - - - 1.4
Maglite D - - - - 4, .1 -
Ethyl Cadmate - - - - 2, -
MBT - - - - 0. .3 -
TMTD - - 2.7 0.65 - - -
Cure time (minutes) at 150°C
50% (partial) 15 14 3 -
100% (optimum) 45 40 20 120

Ethyl Cadmade
MBT 

Maglite D

CBS

Permanax B

TMTD

(b)

Raw polymer:-

Cadmium diethyl dithiocarbamate

Mercapto benzthiazole

Magnesium oxide

Cyclohexylbenzthiazyl sulphenamide
Acetone/diphenylamine condensate antioxidaht

Tetramethylthiuram disulphide

contains only Krynac 34/50.
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should predominantly arise from the added sulphur itself as
opposed to the sulpvhur of CBS. ‘Zinc is added to the
formulation as the oxide, which comnlexes with accelerators
to form a sulphurating agent (chapter one), and one objeétive
of the ESCA investigation is to affect a chemical speciation,
in particular of zinc and sulphur. The OlS>signalsvcan
conceivably arise from the residual metal oxide (low binding
energy), from carboxylate and oxygen in stearate and pérmanax
B respectively, and from any oxidative functionalisation from
sulphur (sulphate additives used in the nolymerisation recipe
of Krynac 34/50) or from oxidation of the Xrynac surface
during cure. 1In principle, the ESCA provides five measurable
levels to define a C:0:N:S:Zn surface stoichiometry} Apart
from any detail of fine structure, which potentially might
provide additional information, the measurement of only five
levels does not allow an ambiguous assignment of surface
composition. Some simplifying assummtions are, therefore}
required to enable an analysis to be affected. The first of
these is that theratios of minor additives are the same at
the surfaée as in the bulk and, secondly, the C:N surface
stoichiometry for the cured samples is the same as raw Krynac
without additives to enable unambiguous surface analysis. The

Cls intensity ratio of 26 provides 9 moles of butadiene
/Ny
and 1 mole of acrylonitrile at the surface of the as received

raw Krynac without additives (section 5.3.2b).
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(ii) Optimum cured, type 1, Krynac 34/50 elastomer

The angular dependent data in Table 5.3, extracted from
the raw smectra in Figure 5.1, indicate that the optimum
cured type 1, Krynac 34/50, sample is inhomogénéous, in
terms of stoichiometry, as a function of ESCA vnrofile depth
into the sample. The ClS level at 30° electron take-off

angle reveals a broadened signal compared with the C level

1s
at 70° take-off angle (FWHM 2.0 vs. 1.7 eV resvectively),
and the mn»71* transitions from the 7 system of butadiene are
absent. The surface is considerably oxidised, as is

evidenced by the high energy tail of C envelope and by the

1s

development of a broad band, centred at a binding energy of

% 168.0 eV in the §,, region.

Table 5.3

Optimum cured type 1, Xrynac 34/50, elastomer

Intensity ratios

Take-off Cls ClS ClS ClS Zn3D S2D oxidised
angle /Ols /Ny /52?;> /Zn3p ‘/Szp T

30° 7 19 22 14 1.6 5

70° 7 111 36 19 1.9 20-

The high resolution spectra also reveal zinc nitrogen, a
low level of silicon (as contaminant) and sulphur, the latter
(S2p leve}s) being broadened by the oresence of at least two
components, the higher binding energy peaks after deconvolution

are attributed to organic sulphide (including nolysulphide),

and the lower binding energies to zinc sulphide (FWHM 3.8 eV
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of S2p for the 'sulphur-vulcanised' vs. 2.2 eV of Szp for ZnS).
The bulk formulation of the type 1 elas“omer in Table

5.2 gives a mole ratio of CBS to permanax B of 1l:1.1. The

C]_S signal intensity derives predominantly from the Krynac

34/50 framework with smaller contributions from CBS, stearic

acid and permanax B, whilst the N signal arises predominantly

1s
from the Krynac itself as opposed to the nitrogen of CBS
and permanax B. The bulk composition of bu'adiene and acrylo-
nitrile in Table 5.2 (66% and 34% by weight respectively)

does not allow a straightforward surface analysis. The

ClS intensity ratio of 26 for the as received raw Krynac
/N
1s .
34/50 without additives, corrected for the differences in

cross—section, gives a mole ratio of butadiene to acrylo-
nitrile of 9:1 at the surface compared to the bulk values

(2:1 respectively), and provides a means of assessing the
surface stoichiometry unambiguously as a function of depth,
monitored by ESCA. A crude surface analysis may be performed,

as follows:-

i

Let x moles % of Krynac

Let y moles of CBS, then permanax B = 1l.1ly

Total Cls signal

Total le signal = x + 2y 1.1y

. 39x + 29y _ 19
* ot x + 3.1y 0. 84

39x + 13y + 15 x 1.1y

= 23

X = 2.6
Yy

The value of § for 30° take-off angle in Table 5.4,

therefore gives ratios of 100:3.8:4.2 in moles for Krynac,
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Table 5.4

Optimum cured type 1, Krynac 34/50, elastomer

Surface composition

Take-off angle Krynac CBS Permanax B Zn
30° 100 3.8 4.2 2.7
70° 100 -2.5 -2.7 2.0

CBS and permanax B respectively, indicating higher levels of

additives (by a factor of eighteen) than in the bulk, whilst

the level of zinc is approximately the same as in the bulk

(v 3.1 mole %). The data for 70° take-off angle suggest that
there is insufficient nitrogen present in the extreme surface
region (of thickness < 108) for this to be sibstantiated.

However, the Cl intensity ratio, corrected for the
/54
p .
differences in cross-section, suggests higher level of sulphur

‘at the surface than in the bulk and this is predominantly
from the added sulphur itself.

(iii) 50% cured type 1, Krynac 34/50, elastomer

The high resolution spectra revealed that the surface of
the as received elastomer is considerably oxidised, as is

evidenced by the high energy tails of C envelopes and by the

1s

appearance of broad bands at high binding energies of S2D

levels. It is not possible to state with certainty that the

appearance of oxidised S level is due to the oxidation during

2p
cure or arises from the sulphate groups of the ingredients
used in the polymerisation recipe of butadiene and acrylo-

nitrile (Table 5.1). This interpretation seems less likely,



however, since it would require considerable retention of the
sulphur containing species, added in low amount in the

polymerisation process. The C s levels at 30° take-off angle

1
are broadened, compared with the Cls levels at 70° take-off
angle (FWHM 2.1 eV vs. 1.5 eV respectively). The S2p signals

show the same extent of broadening at both take-off angles
by the presence of at least two components; organic sulphide
and zinc sulphide (FWHM 4.0 eV for both take-off angles vs.
2.2 eV of S2 for Zns).
P
The angular dependent data in Table 5.5 indicate that the

surface is inhomogeneous, in terms of stoichiometry, as a

Table 5.5

50% cured type 1, Krynac 34/50, elastomer

(a) Intensity ratios

Take~of f Cls ClS Cls Cls Zn3p S20 oxidised
angle /Ols /le /S2p /Zn3p ~/82p <%

30° 6 61 21 15 1.4 26

70° 6 38 49 18 2.7 50

(b) Surface composition (mole %)

Take-off Krynac CBS Permanax B Zn

angle
30° 100 -1.7 -1.9 2.5
70° 100 -0.5 -0.6 2.1

function of depth into the sample and, there is insufficient
nitrogen in the surface region for the surface analysis to be

true. Alternatively, the surface analysis may be carried out



228

unambiguously by reconsidering the bulk composition of Krynac
34/50 in Table 5.2 (19 moles of butadiene and 1 mole of acrylo-
nitrile) and the results are given in Table 5.6. This type

of analysis again indicates inhomogeneous su:rface and‘higher
levels of additives are detected at the surface than in the
bylk. The level of zinc increases only slightly with

increasing ESCA depth into the sample.

Table 5.6

50% cured type 1, Krynac 34/50, elastomer

Surface composition

Take-off angle Krynac CBS Permanax B
30° 100 0.15 0.17
70° 100 1.5 1.7

In addition to the C 0 S, , N and Zn signals,

s’ “1s’ "2p ls 3p

the high resolution spectra also revealed silicon contamination

at a reasonable level (C intensity ratio of 25).

/52p

(b) Type 2, Krynac 34/50, elastomer

1s

(i) Introduction

The bulk composition of type 2 elastomer in Table 5.2

indicates that the ClS intensity should predominantly derive

from the Krynac framework with smaller contributions from

additives, whilst the N < signal is expected predominantly from

1

the Krynac itself as opposed to the nitrogen of permanax B and

TMTD. The S2p signal should arise predominantly from the

sulphur of TMTD as opposed to the added sulphur. The OlS
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signals can conceivably arise from residual :inc oxide, from
carboxylate and oxygen in stearate and permanax B respectively,
and from the oxidation of Krynac during cure. In principle,

the type 2 sample provides Cls’ Ols' le,'Szp and Zn3p levels

as a means of assessing the surface composition unambiguously,
on the same assumptions stated previously (9 moles of butadiene:
1 mole of acrylonitrile).

(ii) Optimum cured type 2, Krynac 34/50, elastomer

The relevant intensity ratios of core level spectra in
Figure 5.2 together with the surface composition are set out
in Table 5.7. The angular dependent study reveals that the

surface is reasonably homogeneous, as a function of ESCA depth

Table 5.7

Optimum cured type 2, Krynac 34/50 eléstomer

(a) Intensity ratios

Take~off Cls Cls Cls ClS Zn3p 82p oxidised
angle /Ols /le /S2p /Zn3p /SZp _ 2

30° 8 6 2.2 6 0.4 -

70° 7 6.6 2.3 6 0.4 -

(b) Surface composition (mole %)

Take~off Krynac Permanax B TMTD Zn

angle
30° 100 21 60 6.1
70° 100 16 44 6.1

profile into the sample and very high levels of additives are

present at the surface compared to the bulk. The increase in
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the level of zinc by a factor of two at the surface, compared
to the bulk, is conceivably associated with the attachment
to the polymer or to the TMTD. The types of interaction of

the zinc are thought to be:

Krynac (polymer)

I I I I
?n 0~-Zn-0 ?
OH Zn
H )
0 0]
I [}
C=0 C=0
| |
TMTD
i R i i
+ - 1 ! - |
zn?*---0? C—5—5-C  —> Zn2+———Q—? + TssC
N(CH3)2 N(CH3)2 N(CH3)2 N(CH3)2
S
2+ - -
~—=Zn° ===0 —? + S.CS.N(CH3)2 —_ (CH3)2N.CS.SZn.O.CS.N
N(CH3)2 (CH3)2

It has been stated in chapter one that, in the TMTD-ZnO
system, TMTD reacts exothermically with ZnO at ~ lSOOC to
\férm zinc perthiolate complex and this acts as a sulphurating
agent. The high level of TMTD at the surface also accounts

for the high level of S signal intensity.

2p
The effect of the interaction of metal oxide and the
polymer is to produce a vulcanisate with unusual characteristics,

probably being good heat resistance and high level of abrasion

resistance.
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The C,  spectra at 30° and 70° take-off angles reveal
oxidative functionalisation, as is evidenced by the high
energy tail of ClS envelope with FWHM of 2.6 eV and 2.3 eV
respectively; whereas the S2p signal did not show any tendency
of oxidation at binding energy ~ 168 and the 82D unoxidised
peaks at binding energy ~ 162.0 with FWHM of 2.4 eV for
both take-off angles, compared to the FWHM of S2p for ZnS
(2.2 eV), suggests that the sulphur is predouwinantly in the
form of ZnS.

The high resolution spectra also reveal oxygen and zinc at

reasonable levels, and a low level of silicon is present as

contaminant.

(iii) 50% cured type 2, Krynac 34/50, elastomer
The data in Table 5.8 indicate that the surface of the as
received sample is reasonably homogeneous as far as the ESCA
depth profile is concerned and higher levels of additives are

present at the surface than in the bulk. The increased level

Table 5.8

50% cured type 2, Krynac 34/50, elastomer

(a) Intensity ratios

Take-off ClS ClS ClS ClS Zn3p S2p oxidised
angles /Ols /le /S2p /Zn3p /S2p %

30° 12 8 2.8 7.4 0.4 ' -

70° 9 8 3.2 9 0.4 -

(b) Surface composition

Take—-off Krynac Permanax B TMTD Zn

angle
30° 100 10 27 5.0
70° 100 10 27 4.1
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of zinc at the surface again suggests that zinc is chemically
bonded either to the polymer or to the TMTD, but the latter

seems more probable as is supported by the appearance of S2D

at low binding energy (v 162 eV), compared to the binding
energy of free sulphur (~ 164.0 eV). The FWHM of S2p peak is

the same order of magnitudé for S2p in ZnS (FWHM 2.5 eV for

30° and 2.3 eV for 70° take-off angles vs. 2.2 eV of S2p for

ZnS), and the S2p level does not indicate any tendency for
oxidative functionalisation, which, in turn, may suggest
that the sulphur is predominantly in the form of ZnS.

The surface is considerably oxidised, as is indicated by
the development of oxidative functionalisaticn at high binding

energy tail of C envelope.

1s
The high resolution spectra also revealed nitrogen, zinc
and relatively a low level of silicon as contaminant.

(c} Type 3, Krynac 34/50, elastomer

(i) Introduction

It is clear from the bulk formulation of type 3 elastomer
in Table 5.2 that the Cls intensity shduld predominantly arise
from the Krynac system, with smaller contributions from
stearic acid; permanax B, ethyl cadmate and MBT,.whilst the
le signal would be expected predominantly from the Krynac
itself as opposed to the nitrogen of permanax B and MBT. The
S2p signal should predominantly arise from the added sulphur
itself and from the sulphur of ethyl cadmate as opposed to the
sulphur of MBT. Cadmium is added as cadmium oxide and ethyl

cadmate to replace the Zn0O as a cure activator. Magnesium

oxide is added to the compound as an acid acceptor. Ethyl



cadmate accelerator interacts with the cadmium oxide and other
sulphur donating accelerators (MBT); and, one objective of
the ESCA investigation is to affect a chemical speciation,

in particular of cadmium and sulphur. The O signals can

1ls
conceivably arise from the residual metal oxides (CdO and
MgO), from carboxylate and oxygen in stearate and permanax B
respectively, and from any oxidative functionalisation from
sulphur (sulphate additives used in the polymerisation of
Krynac 34/50), or from oxidation of the polymer surface
~during cure on a calendering system at 150°C in air. 1In
principle, the ESCA provides six measurable levels to define

a C:0:N:S:Cd:Mg surface stoichiometry unambiguously, assuming

9 moles of butadiene to 1 mole of acrylonitrile.

(ii) Optimum cured type 3, Krynac 34/57, elastomer

The core level spectra at 30° and 70° electron take;off
angles are indicated in Figure 5.3 and the relevant intensity
ratios together with the surféce composition are set out in
Table 5.9.A The angular dependent data indicate that the
surface is reasonably homogeneous, as far as the ESCA depth
profile is concerned, and higher levels of antioxidant and
accelerator are present at the surface (by a factor of sixty)
than in the bulk in contrast to the level of cadmium (v 2.4
mole % in the bulk), which the latter decréases with increasing
ESCA depth profile into the sample.

The Cls spectra at both take-off angles. reveal oxidative
functionalisation, as is evidenced by the hich binding energy
tail of C,_ envelope with FWHM of 2.3 eV and 2.0 eV respéctively;

1s

whereas the Szp peaks do not indicate any tendency for oxidation
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Table 5.9

Optimum cured type 3, Krynac 34/50, elastomer

(a) Intensity ratios
Take-off C C C
1ls 1s 1s

angle /OlS /le 4/82

30° 3.6 14 3

70° 3.4 15 3.4
(b) Surface composition (mole %
Take-off Krynac Permanax B

- angle
30° 100 15
70° 100 12

C1s Cd3p Sop
/cd 5
P 3Dy /2,5
/2 2p
2.0 1.5 -
2.7 1.3 -
)
MBT  cd
21 4.0
16 3.0

at binding energy ~ 168.0 eV and the appearance of S2p

(unoxidised) peaks at binding energy ~ 162 eV with FWHM of

2;6 eV for 30° and 2.4 eV for 70° take-off angles compared

to the FWHM of S2p for Zns (2.2

is predominantly in the form of
The high resolution spectra
at reasonéble levels, and a low
as contaminant.

(iii)

eV) suggests that the sﬁlphur
cds.
also reveal »>xygen and zinc

level of silicon is present

50% cured type 3, Krynac 34/50, elastomer

The data for the partially c
take-off angles in Table 5.10 in
inhomogeneous in terms of stoich
depth profile into the sample;

B and MBT are present at the sur

ured sample at 30° anda 70°
dicate that the surface is
iometry, as a function of ESCA
and higher levels of permaha#

face than in the bulk. The

oxidised
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Table 5.10

50% cured type 3, Krynac 34/50, elastomer

(a) Intensity ratios

- C
zigieOff Cls/ols Cls/NlS Cls/szp ClS/Cd3D5 d3D5/2/S .iigdised
/2 2p 3
30° 6.0 13 2.5 1.6 1.6 -
70° 6.0 10 2.4 1.8 1.3 -
(b) Surface composition (mole %)
Take-off Krynac Permanax B MBT Ccd
angle
30° 100 20 27 5.0
70° 100 65 91 4.5

level of cadmium is higher at the surface than in the bulk.

The FWHM of S peak is the same order of magnitude for-S2p

2p
in ZnS (FWHM 2.4 for 30° and 70° take-off ancles vs. 2.2 eV

of 8 for ZnS), and the S level does not indicate any

2p 2p
tendency for oxidatiﬁe functionalisation, which suggests that
the sulphur is again predominantly present as CdS.

The surface is considerably oxidised, as is evidenced by
the development of oxidative functionalisation at high binding
energy tail of Cls envelope.

The high résolution spectra also revealed a low level of

silicon as contaminant.

(d) Type 4, Krynac 34/50, elastomer

(i) Introduction

The detailed composition of the bulk formulation in Table

5.2 suggests that the C intensity should predominantly arise

1s
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from the Krynac framework, with smaller contributions from

permanax B and dicumyl peroxide, whilst the le signal

would be expected predominantly from the Krynac itself, as
opposed to the nitrogen of permanax B. Tﬁe Cis signal can
conceivably arise from permanax B, dicumyl_peroxide and from
the oxidation of Krynac surface during cure. In principle,
1s’ Ols and le measurable levels as a

means of assessing the surface stoichiometry unambiguously, on

the ESCA provides C

the assumption that the ratio of moles of butadiene to acrylo-

nitrile is 2:1.

(ii) Optimum cured type 4, Krynac 34/50, elastomer
The data in Table 5.11, extracted from the raw spectra in

Figure 5.4, indicate that the surface is homogeneous, in terms

Table 5.11

Optimum cured type 4, Krynac 34/50, elastomer

(a) Intensity ratios
Take-off angle Cls)O Cls/N
Is 1s
30° 5 12
70° 4 18
(b) Surface composition (mole %)
Take-off angle Permanax B Dicumyl peroxide
30° 4.7 6.5
© 21 27

70

of stoichiometry, as a function of ESCA depth profile into the

sample and the level of antioxidant increases with decreasing
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level of nitrogen in the surface regions (this interpretation
is not valid and can be stated unambiguously by considering

the C signals only from Krynac and antioxidant). The C

1s 1s

spectra indicate oxidative functionalisation, as is evidenced

by the high binding enerqgy tail of C envelopes; and the

1s

m>7¥ transitions, conceivably arising predominantly from the

OPTIMUM  CUREP KRYNAC 34/50
TYPE &

70°
X10
4‘////// X 10 _ X33

X10
X33 '

2 i A i Y 1 A ‘QT
295 793 W1 268 267 285 283 S37 S35 533 531 529 0L 402 400 398 39

N
Cis Os 5
BINDING ENERGY (ev)

Figure 5.4. High resolution of an optimum cured type 4,
Krynac 34/50, elastomer.

aromatic system in antioxidant and dicumyl peroxide, are of a
low intensity (< 1%). The high resolution spectra also
revealed oxygen and silicon, the latter being relatively of a

low level as contaminant.
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5.3.2 Uncured Krynac 34/50 samgles

(a) Introduction

Two samples of uncured Krynac 34/50 formulation have been

received,

(i)

(ii)

as follows:

Compressed, emulsion polymerised Krynac 34/50 (66%
butadiene and 34% acrylonitrile by weight). Samples
have been cut difectly for ESCA examination either
for the investigation of the as received surfaces
or for the fresh surfaces exposed with a scalpel
blade.

Uncured formulation with additives (Table 5.2). As
has already been stated in the preceding cHapters,
the dissolved air in the uncured systems rapidly
exploded the samples on introdudtion to the high

vacuum, causing on several occasions contamination

 of the window. Attempts at cooling the samples,

prior to introduction into the spectrometer did not
prove successful, and, in only one case, have
partial spectra of the uncured type 1, Krynac 34/50,

system been obtained.

(b) Emulsion polymerised, Krynac 34/50, sample

(i)

As received surface

The wide scan ESCA spectrum for the as r~eceived Krynac

sample revealed little evidence for anything other than the

C

1s and OlS photoemission levels. The high resolution spectra

are presented in Figure 5.5 and the relevant intensity ratios

are set out in Table 5.12.

The Cls levels indicate an asymmetrical peak, associated
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EMULSION POLYMERISED KRYNAC 34150

X3

298 297 289 267 285 263 281 27 S35 5B S 59 WE W02 400 W8 3%

Cws O1s , Nis
BINDING ENERGY (ev) )

Figure 5.5. High resolution spectra of emulsion polymerised
Krynac 34/50.

with oxidative functionalisation at the high binding energy

tail of C envelope and the surface is extersively oxidised,

1s
as is evidenced by the large development of oxidative
functionalities at »~ 286.6 eV and n~ 288.0 eV binding energies.
The high resolution spectra also reveal oxygen and nitrogen

at reasonable levels and a very low level of silicon as

contaminant. The ClS intensity ratio after correction
/N
1s

for the difference in cross-section gives a mole ratio of
butadiene to acrylonitrile of 9:1, compared to the bulk

composition (mole ratio of 2:1 respectively). ‘The data
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Table 5.12

Intensity ratios for raw Krynac 34/50

C C C
1s : 1s 1s ,..
/01 /Nyg /8155
As received 3.0 26 115
11 11 100

clearly indicate that the surface is not representative of

the bulk.

(ii) Freshly exposed surface

The data for the freshly exposed surface‘afe indicated
in Table 5.12 for comparison purposes. The level of oxygen is
now substantially lower and the level of nitrogen is
considerably higher than the unexposed suffacé; and, this
gives a mole ratio of butadiene to acrylonitrile of 2.5:1
indicating the freshly exposed surfacé is reasonably
representative of the bulk. The slight deviation in the freshly
'éxposed surface composition from the bulk vélues (2 moleé of
bﬁtadiene and 1 mole of acrylonitrile) may suggest a partiél_
’Qrientatidn of functional groups; the cyanide groups prodﬁce
a higher énérgy state,.és a result of theif greater polar
character than hydrocarbon groups, and the latter is directed
outward. The Cls spectrum again indicated an asymmetrical peak,
arising from the C-N and C-0 and C=0 components at binding
energies of 285;4leV, 286.6 eV and 288.0 eV respectively.

(c) Uncured type 1, Krynac 34/50, sample

Figure 5.6 shows the spectra of an uncured Krynac 34/50,

sample with additives (whose detailed bulk compositions are
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indicated in Table 5.2), and the relevant intensity ratios
together with the surface composition are set out in Table

5.13. The data at 30° electron take-off angle indicate that

Table 5.13

Uncured type 1, Krynac 34/50, sample

(a) Intensity ratios

gigi;off Cls/ols Cls/le Cls/szplcls/Zn3p Zn3p/szp S2p ox;d}sed
30° 9.0 25 25 66 0.4 14
70° 12 - 29 - - | 12
(b) Surface composition (mole %)
Take-off Krynac CBS Permanax B Zn
angle ’
100 1.4 1.5 0.6

higher levels of CBS and permanax B are present at the surface
(by a factor of seven) than in the bulk, whilst the level of
zinc, less 'than in the bulk, increases with increasing ESCA
depth profile into the sample. (It éhould be noted that the
protective sheets of pOlyethyleneterephthalaté was removed by
dipping into liquid nitrogen before examining the sample.

The ESCA examination of peeled-off protective sheets in chapter
three indicated very little or no mechanical transfer of
materials and, therefore, it may be concluded that the curing
- process results in an increase of zinc level at the surface
compared to uncured surface, although, in both uncured and

cured systems, the level of zinc is lower at the surface than



3%}
4=
n

in the bulk.)
The ClS levels show very little tendency for oxidation
and the high level of oxygen at 30° and 70° take-off angles is

from H,O as contaminant during the cooling process, as 1is

2
evidenced by the distinct broadening of a shoulder at high
binding energy of 0,  envelope. The S2p levéls reveal very
little oxidation at a binding energy ~ 168.0 eV, and the
appearance of 82p peaks at binding energy ~ 164.0 with FWHM

of 2.5 for both take-off angles, compared to the FWHM of free
sulphur itself, suggests that the sulphur is present as organic

sulphide (S; and §-C).

8
The high resolution spectra also revealed a low level of

silicon as contaminant.

5.3.3 Summary of ESCA investigation of a series of
Krynac 34/50 elastomers

The ESCA investigation of a variety of Krynac 34/50
elastomers (cured on a calendering.system at 150°C in air with
a 2 mm nip setting to draw into sheets) revealed that higher
levels of antioxidant and accelerators are present at the surface
than in the bulk. The type 2 and type 3 samples indicated
higher levels of zinc and cadmium in the surface regions,
whilst the level of zinc in type 1 system increases only
slightly with increasing ESCA depth profile 'into the sample. -
Zinc and cadmium in the surface regions are predominantly
present as sulphides. The surface compositions of elastomers
are assessed unambiguously on preferential'segregation of
polybutadiene and polyacrylonitrile that thevsurface is-heavily‘

covered with a layer of polybutadiene.




CHAPTER SIX

SURFACE MODIFICATIONS OF MODELS AND ELASTOMERS

BY OXYGEN PLASMA

PART I
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6.1 Introduction

Chemical reactions, initiated by electrical diséharges,
have been known for over a hundred years.zoo Areas of
considerable technological and academic importance in the
surface modification of polymers and solids, in general, have,
however, only become the subject of detailed research interest
in the last two decades. The primary focus of interest has
béen in terms of both the improvement of surface free energy
or the wettability of materials??t7213 4nd in the understanding
of oxidative degradation, in general. This interest has been
motivated partially by the ability of plasmas to produce unique
modification and, the ease, by which, the extent of surface
modification can be controlled. The plasma treatment technique
has many virtues over chemical and physical methods214 in that
the reactions are inherently 'clean', and take only seconds to
achieve the desired results, producing profound changes in

the surface properties215

of the material (permeability,'bond
ability, printability, etc.), whilst the overall bulk
properties of the material reamin unchanged (électrical
Characteristics, tensile strength, etc.). The technique is,
therefore, idéally suited to a flow syétem. However, the
‘'surface properties of the material are solely determined by the
composition of the outermost few monolayers; and the thickness
of the modified layer is typically in the range of 50 -
1053,201’218 depending upon the conditions of the discharges
(pfessure, power loading, gas, flow rate).

The principal technique employed in this chapter to

investigate the surface modification of sulphur-vulcanised
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rubbers and model systems affected by oxygen plasma, is that
of ESCA, whilst chapter seven is concerned with modifications
affected by hydrogen plasmas.

Due to the thinness of such a modified layer, it was not
possible to use other conventional techniques to investigate
the changes in surface regions. The conventional technique,
employed in this field for analysis of the surface, is
multiple attenuated total internal reflection (MATR) infrared
spectroscopy. This technique like ESCA is non-destructive
and, it scans the surface layer to a depth in the order of
microns, being much greater than the depchlglof the plasma
modified layer; which, in turn, implies that the infrared
spectrum has a very strong absorption from £he unmodified
substrate and, therefore, the spectrum observed before and
after plasma treatment is essentially the samé (chapter three).

The term 'cool' plasma, in the field of chemistry, may be
defined as a partially ionised gas composed of moleculeé,
atoms,.and ions in both ground and excited states and electrons,
in which, the numbers‘of positively and negatively charged
species are approximately equal. 1In a gldw discharge, free
electrons gain energy from an applied electric field and
transfer this energy to molecules through inelastic collisions
resulting in the formation of a variety of new species such
as metastables, atoms, free radicals, and ions, energetic
enough to cause chemical reactions."A wide frequency range of
electromagnetic radiation is also produced from the

220

deexcitation of excited states (electronic, vibrational and

rotational).
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For the ionised gas, produced in a discharge to be
properly termed a plasma, it must satisfy the condition of
épproximate electrical neutrality; a criterion satisfied,
when the dimensions of the discharge gas volume are
significantly larger than the Debye length (AD), being a
function of the square root of the electron energy to density

ratio.221 In (6.1), €5 is the permittivity of free space, k

AD = (eokTe (6.1)

/nez);2

is the Boltzmann constant, Te is the electron temperature,

n is the electron density, and e is the charge on the electron.

'Figure 6.1 summarises the characteristics of various plasmas

occurring naturally and produced in laboratories, defined in

terms of their electron density and average electron energy.

The region of particular interest to organic chemists is

that labelled 'glow-discharges', where the Boltzmann temperature

of the massive specieés is near ambient, whilst the average

electron energy is several orders of magnitude greater. These

plasmas are termed non-equilibrium, in addition to 'cold

plasﬁas’. By contrast, 'hot plasmas' are very hot ionised

'gas, in which,>the electron and gas temperatures are nearly

identical and are usually employed as a high temperature source.
The non-equilibrium plasma may be produced in many ways

depending on the cost, ease of construction and convenience.

The ease of performance and close control over operating

parameters such as the source of electrical power to sustain

the plasma, the coupling mechanism and loosely termed plasma'

environment, has drawn the attention towards the use of
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inductively coupled radio-frequency and microwave plasmas,
whilst most of the early work was based on AC and DC
electroded discharges. A good background on radio-frequency
discharges is well documented elsewhere.201’207’222

The criterion for the selection of electrodeless inductively
coupled radio-frequency discharges, excited in.pure oxygen
~ for the investigation of surface oxidation—of elastomers, in
this chapter, enables close examination of all of the variables,
which are likely to be encountered and, in addition, allows
considerable flexibility in terms of reactor design and
configuration for introducing and removing samples. Furthermore,
the nature of the technique allows a wide fange of pressures
‘and flow rates to be investigated and provides a convenient
means of performing kinetic studies as a function of power
loading or time. This chapter is exclusively concerned with
radio-frequency plasmas excited in pﬁre oxygen.

Although, the plasma treatment of polymers and solids,
in general, has been an active area of research interest for
éome conSiderable time, in both industrial and academic circles;'
there is very little information available on the
characterisation of plasmas, in terms of the energy distribution
of electrons, ions and metastables. Such information is;
indeed, only semi-quantitative for very simple systems, despite
the fact that the broad theoretical framework has been well

documented over the years.zzl’223

For an ideal gas, which is
not of direct concern. here, the solution to the Boltzmann
equation leads to a Maxwellian distribution of electron

energies. The average electron energies for complex systems
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may be analysed by electrical probe measurements 4,225 and

direét electron sampling.226 Figure 6.2 shows the form of

the Maxwellian energy distribution for average electron
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Figure 6.2.

plasma.

12

Energy distribution of electrons for an ideal gas

energies of 1.0, 2.0 and 3.0 eV. The average energy expressed

in the Boltzmann equation is a function of both the power

loading and the pressure. Since, electrons play a dominant
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role in Ehe plasma itself, it seems likely that their role is
secondary in interactions with polymers.

For plasma excited in oxygen, a very large number of
processes appear to take place, the important reactions being
between electrons and molecules, ions and molecules, ions and
ions, and electrons and ions. Figure 6.3 illustrates the

dissociation of some higher energy oxygen states into their

0('0)+0°('s%)

_00%)+0%(%s%)

o®r)+0('D)

Interaction Energy (eV)

or)+0’P)
0(3p)+ 0°(2PY

1 | L
08 1.2 16 20 24 28 32 36

Internucleor Distence (B)

Figure 6.3. Potential energy curves for some states of oxygen.
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ground states. The important species capable of undergoing
energy transfer to a surface, are the particularly long-

lived metastable alAg state, which may well further participate
in a number of chemical reactions in oxygen discharges. As

is clearly evident from the potential energy ?rofile, further
excitations of the next higher state leads to the ionisation

of the oxygen molecules and the formation of O; in the xzng
state. In view of the complexities involved in glow discharges,
it is not possible to state with certainty, which of the
various components are responsible for the surface modification.
However, the mean free paths of oxygen ions and metastables

in the energy range O - 10 eV suggest that they are likely to
dominate the direct energy transfer to the outermost surface-

of few monolayers thickness and, at a greater depth ultra-
violet radiation may become a more important factor, in contrast

227,228

to the situation for electrons. The reactions in the

outermost few monolayers are primarily due to ion neutral-

. . 247 . .. . 249

isation and Penning ionisation of the polymer as the
ions and metastables interact with the surface. The possible

energy values for these species together with some typical

bond energies for organic systems are as follows:

Table 6.1
Plasma (eV)
electrons 0 - 20
ions 0o - 2
metastable 0 - 20
Uv/visible 3 - 40
Chemical bonds
(eV) (eV)
C-H 4.3 C=C 6.1
C-N 2.9 8.4
C=0 8. C-S 3.2
C-C 3.4 S-g 3.7
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Clark and co-workers have shown in an extensive series
of publications, how ESCA may be applied to investigatg the
structure, bonding and reactivity at polymer surfaces.229—235
The strong dependence of mean free path on the kinetic ehergy
of photoemitted electrons, enables differentiation of the
surface, subsurface and bulk. This, and the following chapters
are exclusively concerned with the study of plasma treated
model compounds (di~, tri-, and tetrasulphides, etc.) and,

hence to use this knowledge to elucidate the surface aspects

of sulphur-vulcanised elastomers after exposure to plasmas.

6.2 Experimental

6.2.1 SamEles

The main emphasis in this chapter has been to investigate
the reactions at the solid/plasma interface of model compounds
and of some industrially important elastomers, with particular
reference to sulphur vulcanised systems. The model compounds
(dinonyl trisulphide and ditertiododecyl tetrasulphide etc.)
in the form of ligquids have been cooled to ~ 200K in the
plasma reactor A in Figure 6.4, directly attached to the
spectromete:, to avoid the diffusion of oxidiéed functionalities
into the bulk of the compound under investigation after
treatment. To facilitate these studiesg, the liquid samples
were spread over a gold strip subsstrate, cut to a size of a

sample probe tip and fixed by small screws, using a clean small

spatula.

\

\'.
Model compounds including L. cysting, in the form of a

powdex, and Natsyn 2200 elastomers, werg;also mounted on a probe

kN
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tip (size of 20 mm x 6 mm and 2.5 mm), and were studied by
ESCA, without any pretreatment. Direct handling of the
actual samples was avoided to prevent contamination, which
could conceivably give rise to extraneous signals.

Oxygen (commercial-grade cylinder gas) was used without
further purification.

6.2.2 Instrumentation

The spectra of plasma treated samples were obtained on

AEI ES200B spectrometer, using MgKu radiation of energy
1,2
- level at 84 eV binding energy for
7/2
calibration purposes, and under these conditions had a full

1253.7 eV and Au4f

width at half maximum (FWHM) of 1.15 ev. 1In all cases, the
deconvolution of the spectra were carried out on a Dupont
(model 310) Curve Resolver with the possible errors of +
0.2 eV in binding energies and the area ratios in the range

of + 5

oo
.

‘A Tegal Corporation Radio-frequency Generator, capable of
producing a power of up to 100 watts at a frequency of 13.56
MHz was operated in both a continuous and pulse mode, as a
matter of convenience, although, depending on the average
power loading required. The system, which includes a pulsing
facility on a microsecond timescale gives a greater stability
to the plasma at low power loadings. A radio-frequencyimpendence
matching network consisting of a vacuum pump with a capacity of
50 litres per minute, and appropriate meters and gauges for
monitoring power output and gas flows at the required pressure

complete the system.
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6.2.3 Plasma configurations

Figure 6.4 shows a schematic representation of reactors
A and B, used for the surface modification of model systems

and Natsyn 2200 elastomers and, mounted in a greaseless

vacuum system, were pumped by a rotary pump at rate of 50 2 min.

Pressures were monitored using Pirani gauges and the oxygen
was introduced into the system via a leak value at the
required pressure (0.2 torr). Reactor A, particularly designed
for studying the model systems, consisted of a pyrex tube

16 cm long and 5 cm in diameter, sandwiched be&ween stainless
steel flanges by viton iO' rings, and was enclosed in a copper
cage screen to prevent radio-frequency interference with the
electronics of the spectrometer. Reactor A directly coupled
to a spectrometer enables considerable flexibility in terms

of dealing with liquid samples and the investigations of
pressure and power dependence of the surface modifications,
without exposure to atmosphere. A sample probe, 60 cm long
ana ¥" in diameter, capable of passing through the reactor,

on viton 'O' ring seals and into the spectrometer was used to
obtain the spectra of samples without exposing to the
atmosphere.

Reactor B is an inverted 'T' shaped configuration with
dimensions of 40 cm long, 35 cm high, 6 cm in diameter and, an
inlet and outlet diameter of %". The oxygen discharges are
excited in the vertical limb by a copper coil, wound 20 cm
from the inlet tube.

The single inlet to the reactors A and B permits an

introduction of gas downstream from the external coil. The

1
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R.F. Coif (7 turns)

sample on
intet probe tip

Reactor A

GQSJ], inlet
A

ZT—R F coil (10 turns}

| _ : — _-Flange
Pump <——

Bgactor B

Figure 6.4. Reactor designs A and B.
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typical procedure for plasma treatment éonsisted of initially
evacuating the whole system for 20 minutes, followed by

leaking the gas into the system at a required pressure for a
further 20 minutes before the radiofrequency generator was

set for a known power loading prior to the introduction of

the sample in the reactor. After the pre-setting of conditions,
the pressure in the system was brought to atmosphere for
placing the sample in the reactor.

The system with a centrally located sample in the reactor
was again evacuated to approximately 4 x lO-2 torr, before the
selected gas (oxygen) allowed to flow at a pressure of 0.2
torr to purge the whole system for 20 minutes and then the
radio*freQuency generator was switched on to the pre-set
conditions.

6.2.4 Plasma oxidation of model systems as a function
~of time

The effects of oxygen glow discharge on the functionalities
of model chpounds were investigated by monitoring the Cls’
0ls and S2p levels, as a function of plasma exposure time.

The procedure for kinetic studies consisted of first
inserting the probe into the reactor without a sample such
that the probe tip was at a fixed geometry with respect to
the reactor. The whole system was purged with oxygen for
approximately 20 minutes at the required pressure (0.2 torr)
before setting the radio-frequency generator to a known power
loading. The probe was then withdrawn and the liquid sample

was spread over the gold strip substrate, fixed on the probe

tip using small screws, by means of a small spatula ensuring
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that the gold surface was completely covered. (This could be
readily checked by monitoring the 4f level of the gold
substrate, whilst the sample was under investigation.) The
system was evacuated on replacing the probe with a mounted
sample and, then the pressure was readjusted to flush the
reactof for 20 minutes before cooling the probe tip to
approximately 200K and, then striking the glow-discharge.
The probe tip was further cooled to 160K in the insertion
lock of the spectrometer before advancing into the sample
chamber, via the '0' ring seals and a gate valve, for measure-
ment of core level spectra at an electron take-off angle of
30°. The spectra were recorded as rapidly as possible to
minimise the hydrocarbon contamination and, a check on this
was made by running the Cls level at the start and the finish
of the experiment over a period df approximately 1.5 hours.

The cycle of each kinetic run was the same, and, therefore,
the investigations were carried out in the usual manner. The
choice of time intervals of plasma treatment, increased in
the order of 5 secs., 10 secs., 20 secs., gave a convenient
spacing of points on the graph.

L.cystine, in the form of a powder, was mounted on a probe
tip by means of Scotch tape, ensuring complete coverage of
tape surface. The probe tip centrally located in the reactor

‘B was subjected to oxygen plasma treatment at room temperature,

before recording the spectra at approximately 200K.
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6.3 Results and Discussion

6.3.1 Introduction

The main emphasis of this chanter, with the apprlication of
ESCA, has been to determine the nature and extent of
functional groups, as a function of oxygen plasma treatment
time, developed in the surface regions of models and Natsyn
2200 elastomers, using low temperatufe oxygen plasma technique.

The backgfound information, in the literature, pertains
primarily to the oxidation of organic monosulphides, and to a
lesser extent disulphides with relatively few studies on
polysulphides. This information arises predominantly from
studies of reactions of a variety of reagents in a solution
phase, in which, different intermediates, as illustrated in

scheme 1, are obtained depending upon the reaction

242-
conditions. 12-245 Most intermediates in a solution phase
Scheme 1
RSOH > RSOzH
Sulphenic Sulphinic
acid acid
RSH — RSSR RSO3H
' Sulphonic
acid ‘
0 0 0 0 00 ///71
I , [ [ 1
R-5-5-R — R—ﬁ—s—R — R—ﬁ-S—R — R—”—| -R
00
Thiosulnh- Thiosulph- Sulphinyl Disulphone
inate onate sulphone
are reversible through appropriate derivatives; however, their

true equilibria are quite rare.
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The lack of information on the oxidation of higher
sulphides in solution and, virtually none on the use of
plasma, has been mainly due to the thermal instability,
associated with the preparation of derivatives; and, therefore,
it is to this problem that ESCA work, coupled with oxygen
plasma is addressed. In discussing these results, it is
convenient to consider the model investigations first and
then to compare these data with those of the elastomers.

The important structural features of carbon (Cls) and

sulphur (S, ) in the present study are given in Table 6.2.

2p
Table 6.2

Binding energies for different carbon and sulphur
structural features

Structure Binding'energies (eV)

C-H 285
C-s , 285.4
C-0 286.6
C=0 287.9

0-C=0 289.1

O

,C=0 290.4

0] ) ' \
S, | 161.5
c-s

v 164.0

Sg
S=0 , 165.8
0=8=0 168
S0, | 168.4

169.2 -
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o S

Fo; the carbon (Cls) spectrum, a unigue deconvolution.
was performed with a full-width at half maximum of 1.7 + O.1
eVv by-using an analogue curve fitting procedure, with
Géussian curves positioned at 285, 286.6, 287.9, and 290.4 ev,
and freating the height only as a variable. This curve
fitting procedure also adapted for the deconvolution of
sulphur (SZP) gpectra with Gaussian curves posiﬁioned

approximately at 163.8, 164, 165.8 and 168 eV (taken with

the correéponding 2p., spin orbit split component) -
12" 3,2 |

produces a unique deconvolution fqr the S2p spectra.

The allbwances for C—ONO2 and C—NH2 were not made during
the course éf deconvoiution, which would abpear aéproximately
‘at 287.1 eV and 285.4 eV respectively. VThe'dxygen speétra
consisted of a number of closely overlapping peaks, but the
attempts were not made to deconvolute them by the method

adopted for the C spectrum. Howéver, in some spectra,

1s
‘reasonable deconvolutions were achieved for the doubly and
singly bonded oxygen. The pefoky structural features, possibly
arising in glow-discharge, may then subsequently undergc
transformation to other functionalities.

A cursory examination of the various résults obtained for
model systems and Natsyn 2200 elastomers reveals that the glow-
discharge is a very rapid process, resulting in an.incréase
of functionalities, even for a very short period of treatment.

6.3.2 Reactions of models in oxygen plasma

(a) Lacystine‘in an oxXygen plasma as a function of time'
Figure 6.5 reveals four distinct readily detectable

carbon, nitrogen, oxygen and sulphur levels, whose stoichiometries
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for an untreated sample, derived from the relevant intensity
ratios in Figure 6.6a, are not comparable to thosé of L.cystihe
itself, indicating that the surface is not entirely represent-
ative of the bulk. The derived C:0:N:S stoichiometries of
6:2:1:1 compared to the theoretical values of 3:2:1:1 suggest
that the powdered sample must have a surface layer of hydro-

carbon contamination and, indeed, the components of the ClS

spectra confirm this, the intensity ratios for the compogents

i
being (CH) 65 to higher binding energy components (C-N, C-O

etc.) 35 versus the theoretical ratio of 33.3:66.6. Since
the sample is typical of that which have been routinely handled
in the laboratory, an investigation of the plasma oxidation
perhaps mirrors the comparable processing of the sulphur-
vulcanised rubbers to be described in section16.3.5.

The oxygen level forvthe untreated sample is associated

with a singly bonded C-O group, C binding energy 286.1 eV,

1s

a doubly bonded C=0 carbonyl group, C binding energy 288 eV

1s

and a carboxyl group appearing at 289.2 eV. The presence of
a singly bonded C-0 group at a rather low binding energy
286.1 eV compared to 286.6 eV of C-O bond suggests that a
significant contribution at this position is made from C—NH2

group during the course of deconvolution of C peak into

1s
C-0, C=0 and 0O-C=0 components. The presence of a high

concentration of C—NH2 components adds more complications into

the method of Cls deconvolution, since the binding energies of

C-O0 and C-NH, groups are approximately at the same position

2

under the ClS envelope; and, therefore, an attempt was not.

made to add this particular component. The method of
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gure 6.6a Intensity ratios of the Cls' Ols’ le and S2p

levels in the ESCA spectra of L. cystine vs.
time of exposure to the oxygen plasma (0.4 watt
and 0.2 torr).

deconvolution was performed, as previously stated, for all
the C1S spectra by setting the curve resolverlwith a number
cf curves at the required binding energies and fixed full
widths at half maxima; and then beginning at thé hichest

binding energy, the curves were added to obtain the best fit

for the ClS peak. The total area of the Cls spectrum is taken
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as 100 percent. It is clearly apparent that oxygen
substituent effects can be treated in terms of an additive

236,237 Conceivablv, some information can be deduced

model.
as to how the carbon and oxygen are bonded in different
chemical environments, provided that the areé ratios of

carbon and oxygen, and their stoichiometries are known in

the different chemical environments. For instance, the oxygen

singly bonded with carbon, C binding energy 286.6 eV, for

1s
Natsyn 2200 elastomer, could be a hydroxyl gfoup, either ether
C-0-C, peroxide C-0-0~C or a contribution from all of these
groups. The hydroxyl and peroxide groups are expected to

give the same carbon to oxygen ratio, in contrast to ether

linkage C-0-C, the latter being lower than the former;

and, therefore, it should, theoretically, be possible to

" differentiate. them. Owing to the difficulties, associated

with deconvoluting the O spectra into their individual

1ls

components, it is not always feasible, but one can draw
general conclusions as to how the component for C-O bond

approximately at 286.6 eV is behaving. Nevertheless, the ClS

component at 289.2 eV, corresponding to carboxyl functions

and the deconvoluted OlS peak approximately at 534.0 eV

can provide limited information on the existence of hydro-
peroxides. However, it has been shown that direct information
for peroxides can be attained by selective chemical trans-

formation to alkyl hydrogen sulphate (ROSOZH) by reaction with
23 :
7 8 An examination of the OlS spectra at ~ 534 eV in

I'igure 6.5 suggests that a significant amount of hydroperoxide

SO

is formed after plasma treatment.
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The nitrogen N peaks suggest more than one type of

1s
environment, as is evidenced by the slightly broadened

shoulder at a higher binding energy of approximately 402.0 eV.
The components at high and low binding energies are attributed

to protonated amine and amine C-NH, functionalities respectively.

2
The disulphide linkage in L,cystine shows a tendency for

an increase of oxygen functionality at one of its sulphur

atoms, whilst the other remains essentiallyv unchanged in the

oxygen plasma, even for prolonged treatment, levelling off

at 20 seconds as in Figure 6.6b, under a poWer loading of 0.4

watt and a total pressure of 0.2 torr. The sequence of reactions

in the oxygen plasma inferred from this data is as follows:

Scheme 2
@ e @ S @ ©
NH3—$H—COO NH3—$H—COO NH3—$H—COO
?HZ $H2 $H2
{
CH CH . CH
@ e ® 2 G C) 2 ©
NH,-CH-CO0 NH;~CH-COO NH ,~CH-C00
(A) (B) : (C)

The major product, oxidised 2p level at binding energy
approximately 168.3 eV, is (c) compared to (B), which the
latter occurring at binding energy 166.5 eV is not observed.

The developments of various carbon-oxyvgen, carbon-sulphur
and sulphur-oxygen features as a function of time are shown
in Figures 6.6a-c. The data were accumulated at an electron
take-off angle of 30° with samples being codled to approxiﬁately

210K, after having been treated in the oxygen plasma with a total
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Figure 6.6c. Intensity of the various comnonents of the ClS
spectrum of L. cystine relative to the C

S
(total) vs. time of exposure to the oxygen plasma
(0.4 watt, 0.2 torr).
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pressure of 0.2 torr and power loading of 0.4 watt at room
tempgrature. The structural features associated with 0-C=0
I
and S show a clear tendency for reaching a maximum soon
Il .

O
after the start of the reaction and then decrease or level off

to a constant value, whereas, the general trend for ClS ’
/N
1ls

C. and C intensity ratios indicates that the C/N
ls/s ls/o :
2p 1s
and C/S stoichiometries remain essentially the same as a

function of reaction time. ‘This suggests that oxidation of the
sulphur functionalities occurs substantially faster than for
the hydrocarbon overlayer.

An important conclysion after the treatment of L-cystine
with oxygen plasma under the stated conditions follows that the
level of sulphur is essentially the same and the sulphur
oxidises without involving the cleavage of thevdisulphide
linkage.

(b) Dinonyl trisulphide in an oxygen plasma as a function of
time

The main emphasis in this and proceeding.studies of models
as a function of exposure time to plasma, excited in pure
oxygen is to gain an overall gross picturé of the chemistry of
oxidation of nolysulphide linkages rather than to make a
detailed-study of the oxidation of the alkyl chains.

1s’ Ols

and S2p levels, monitored at an electron take-off angle of 30°

d th . ,
and the corresponding plots of Cls/o and Cis/s

ls ) 2p
ratios are indicated in Figure 6.8a. Also shown in Figure 6.8b

Figure 6.7 reveals the three readily detectable C

are the oxidised S2p levels expressed as a percent of the total
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S2p band intensity. The data clearly illustrate that the

initial rate of oxidation is very fast indeed, with a tendency

to level off after 20 seconds in particular for the S signal.

2p

Before examining these data in greater detail, it is

convenient to estimate the extent of the S signal derived

2p
from oxidised and unoxidised sulphur under the conditions used

in this investigation. The essential features contributing to

signal intensity are embodied in equation (6.2):

d
: /Acos §

I = £(0)FaNKA (1~ ) (6.2)

where F is the x-ray flux, o is the cross-section for photo-
ionisation, N is the number of atoms (on which the core level is
localised) per unit volume, K is a spectrometer dependent
factor, 2 is the mean free path of the photoemitted electrons

n 158 for S level using Mg radiation, d is the thickness
2p kal 5
14

of the surface layver, and f(8) is a function of 6 that describes
the angular dependence of a signal arising from a homogeneous

sample. A more detailed description of equation (6.2) can be

found elsewhere.227

With a knowledge of the mean free path for S an electron

2p’
take-off angle of 30O and»the thickness of the modified layver,

which is in the range 5 - 108 after prolonged exposure to plasma,
it follows that approximately 40% of signal intensity is derived
from the oxidised surface and the remaining from bulk, as far

as the ESCA depth profile is concerned. In comparison of these

estimated values with those of an extent of S2p oxidation in

Figure 6.8b, it is clearly evident that the S2p oxidised peak,
separéted by approximately 5.6 eV from the main S2p photo-
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ionisation weak, is much smaller than one would anticipate
without the knowledge of an equation (6.2). This tyoe of
analysis made on sulphur allows with certainty that the

trisulphidic bridge in dinonyl trisulvhide is in the form of

-5-5-5-, and, therefore, the overall oxidative reaction in the
oxygen vlasma can be written as:

Scheme 3

,9H19
0=5=0 '
é [o]
|
$9H19 f9H19 S
S S=0 é H
é [0], é 9719
i [
: :
c.H
C.H C.H 7919
9 19 9719 ?:O
sulphoxide g [0]a
|
0=5
Coflig
Cot19 CoH19  Ultimate
0=S= [0] O0=5=0 product,
Path 1 > é thiosulphonate
S
(A) 1 I
S= O=S|=
i
CoHig Collg
: C.H
GoMl1g Cat1g
=0 0=p=° [
0
Path 3 [O]; & ]
(B) i 1
o=? O=?
C.H C_H
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Sulphoxide intermediates shown in the reaction sequences
leading ultimately to thiosulphonate were not observed under
the conditions employed in this investigation, and, if
present, represent less than 1%, immediately reacted with
oxygen plasma species, as a result of their high reactivity.
The sulphur separating the two sulphate groups was not cleaved,

as it is clearly evident from the Cls ratio versus as a

/S
2p '
function of time in Figure 6.8a. The data in Table 6.3, obtained

by exposing to drastic oxygen plasma conditions (10 watts,
0.2T) for 10 seconds in 'situ' also clearly reveal that
sulphur is not lost within the range of employed conditions;
and the oxidation stops at thiolsulphonate.
The experimental stoichiometry ratio of étoms, derived
from the intensity ratio for an untreated sample,were in gobd
agreement with the theoretical wvalues revealing that the surface

is representative of the bulk.

Table 6.3

1s’ OlS and S2p bands

in the ESCA spectra of as received and plasma oxidised

dlnonyl trisulphide (C9H19—S3—C9H19)

The ratio of intensities of the C

Conditions: time = 10 seconds, pressure = 0.2 torr and
temperature of a sample = 200K. After plasma treatment,
the sample was further cooled to 170K before introducing
into the spectrometer for an analysis at an electron take-
off angle of 30°.

Power (watts) Cls/o Cls/s

1s 2p
As received 0 12.3 ‘ -3.6
1 2.6 2.7

10 2.5 2.8
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(c) Bis-n-propyl-y~-triethoxysilyl tetrasulphide in an oxygen
plasma as a function of time

The main objective in this phase of the work has been to
investigate the oxidation of sulphur in bis-n-propyl-y-triethoxy-
silyl tetrasulphide, as a function of plasma treatment time
under the same conditions as those employed fbr dinonyl
trisulphide.

The results for the untreated bis-n-propyl-y-triethoxy-
silyl tetrasulphide with four distinct measurable cls’ Ols’
S2p and Si2p levels in Figure 6.9, and the cbrresponding
intensity ratios in Figure 6.10 reveal experimental stoich-
iometry of atoms, in good agreement with the theoretical
values, indicating a very pure sample. The distinctive
differences in relative intensities of the spectra at an
electron take-off angle of 30° in Figure 6.9.clearly demonstrétes

by the dramatic change in C component at 286.6 eV that the

1s
reactive entities in the oxygen plasma are selectively
reacting initially with the triethoxy functional groups,
attached directly to silicon and, reach a limiting reaction
after a relatively short period (5 seconds) of exposure to the
oxygen plasma, before the oxidation commences at the tetra-
sulphide bridge. Whereas, the oxidation of sulphur proceeding
after 5 seconds of plasma exposure time, as is most readily
appreciated from Figure 6.10b, establishes a maximum change

in surface chemistry at ~ 20 seconds reaction time, before

levelling off, under the conditions employed in this work.

The ClS intensity ratio as a function of time in Figure
/S
2p
6.10a clearly indicate that the oxidation of tetrasulphide
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linkage is accompanied by the loss of sulphur and the tetra-
sulphide linkage loses two sulphur atoms after 20 seconds
reaction time, in contrast to lower rank sulphides. It can'
be stated that, with a knowledge of the mean free path of
SZp’ 158, an electron take-off angle of 30° and the thickness
of the modified layer, which is of the order one monolayer

or so (assuming that the diffusion of oxygen atoms into the
bulk is not significant under the employed conditions), for
the estimation of the signal contributed ffom‘the modified

surface that the oxidised sulphur after prolgnged exposure

I
time (20 - 40 seconds) is in the form of —%—ﬁ—, conceivably
O O

proceeding through the same sequences as those as illustrated

for dinonyl trisulphide in reaction scheme 4 (it might bhe

Scheme 4
| ! T
IS O:I:'O Oz’s——
S S 0=5=0
| (0] | [O] g
S SR K
i

S 0=5=0 0=58=0
| ‘ [ ! _

i

0=8=0
[O] |
> o=s=0 * 59
i

added here that the deviations seen in the separation of
oxidised and unoxidised S2p levels for dinonyl trisulphide,

5.6 eV, and bis-n-propyl-y-triethoxysilyl tetrasulphide, 5.0 eV,
could possibly be partly due to the hybridisation effect239

requiring a higher electronegativity for the oxidised disulphide.
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bridge in scheme 4).

The data in Table 6.4, obtained at a power loading of
10 watts for 10 seconds and a total pressure of 0.2 torry,
indicate very little change in the level of sulphur, which,
in turn, may suggest that the treatment at a substantially
higher power loading resulted in the ablation of the surface

of bis-n-propyl-y-triethoxysilyl tetrasulphide.

Table 6.4

15’ Ols’ 82p and Si2p bands

in the ESCA spectra of as received and plasma oxidised
bis-n-propyl-y-triethoxysilyl tetrasulphide ((EtO) ,Si-

; 3
(CH2)3-—S4—(CH2)3—81(EtO)3

The intensity ratios of the C

Conditions: time = 10 seconds, pressure = 0.2 torr and
temperature of a sample = 200K. After plasma treatment,
the sample was further cooled to 170K before introducing
into the spectrometer for an analysis at an electron
take-off angle of 30°.

Power (watts) ClS/OlS Cls/szp ClS/Sizp
As received 0] 1.9 2.5 6.3
1 0.7 3.3 9.0
10 v 0.4 3.2 21.0

(d) Ditertiododecyl pentasulphide in an oxygen plasma as a
function of time

It is clearly evident from the data in Figure 6.12,
pertaining to Figure 6.11 that the effect of -iodine substit-
ution distorts the overall reactivity such that the penta-
sulphide is no longer an adequate model for sulphur bridges

in vulcanised rubbers. The most likely interpretation of these
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data is that iodine effectively quenches the oxygen atoms (by
recombination either directly or via iodoso and/or iodoxy
derivatives) such that the level is reduced sufficiently

for subsequeﬁt attack of reactive oxygen entities at the
sulphide-bridges to be relatively slow; and, therefore,

the pentasulphide didlnot indicate any tendency for oxidation

240,241 under the conditions employed in

or desulphurisation,
this work.

6.3.3 Reactions of accelerators in an oxygen plasma

(a) Introduction

- Since the lévels of édditives, employed in the formulation
of elastomers, are substantially higher at the surface than
in the bulk (chapter three), it is of great interest to
investigate the ease and extent of oxidation by'exposuré to
plasmas, excited in pure oxygen, beforé considering the
ESCA data pertaining to elastomers tréated in the oxygen
plasma. Accelerators such as cyélohekylbenzthiazyl
sulphenamide (CBS) and tetramethylthiuram disulphide (TMTD)
used in Natsyn 2200 sample formulations have, therefore, been
subjected to interrogation in 'situ', using ESCA, coupled with
glow discharge techniques at a total pressufe of 0.2 torr and
a power loading of 1 watt for 1O secénds. |

It should be noted that under coﬁpafable conditions, the

extent of oxidation as evidenced by‘the highef binding 8.2.p
component was ~ 8%, 21% and n 35% for the di-, tri- and
tetrasulphide model systems respectively.

(b) Cyclohexylbenzthiazyl sulphendmide in an oxygen plasma

A comparison of the data in Table 6.5, extracted from the
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Table 6.5

Cyclohexylbenzthiazyl sulphenamide in an oxygen plasma
(1L watt, 0.2 torr)

Comparison of intensity ratios

Time (seconds) Cls/o Cls/N Cls/s S2p ?:;dlsed
ls 1s 2p
As received 6.1 11 4.0 -
10 1.5 31 2.6 : 15

Comparison of C components

1ls
o)
Total Cls C-H C-0 C=0 0-C=0 0-C-0
As received © 100 82 16 2 - -
10 100 71 21 2 5 1

raw spectra of as received and oxygen plasma treated CBS

in 'situ' in Figure 6.13, clearly illustrateé the dramatic
effect on intensity ratios of different chemical environments,
under the C and S,: envelopes and also on the N and 82p

1s 2p ls

levels with respect to the C signals.

1s
A high level of total oxygen signal is associated with

the development of various C and S components in an oxygen

ls 2p
plasma at a power loading of 1 watt for 10 seconds and a total

pressure of 0.2 torr. The unexpected increase in the 82p

level on exposure to the plasma may be explained by considering
the cleavage of S-N bond in sulphenamide and then dimerisation

of benzthiazyl, giving 2,2'-dithio-bis(benzothiazole); the

possible overall reaction is as follows:
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Scheme 5

—> Acid esters,

ketones, alcohols etc.,
and carbonates.

It is known from the related studies in these laboratories
that the aromatic systems are particularly prone to oxidation
compared with the aliphatic systems. The competition between
the production of oxidised sulphur and carbon.functionalities,
which the data reveal, is, therefore, entirelv reasonable.

A knowledge of an electron mean free vpath for 52D and an

extent of S2p oxidatign bv 15% suggests the oxidised nroduct
I

is thiosulphonate —S—ﬁ— (it should be noted that an electron
O

take-off angle of 30° in the equation 6.2 has been considered
as zero, due to the surface topography of a powdered CBS
sample) .

(c) Tetramethylthiuram disulphide in an oxygen plasma

The ESCA data for TMTD are shown in Table 6.6, whilst the
core level spectra are indicated in Figure 6.14 (oxygen plasma

treatment:~ a power loading of 1 watt for 10 seconds and a
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total pressure of 0.2 torr). The data clearly reveal distinct-

differences in the regions of the ClS and S20 spectra,

corresponding to the oxygen-containing structural features.

Table 6.6

Tetramethylthiuram disulphide in an oxvgen plasma
(1 watt, 0.2 torr)

Comparison of intensitv ratios

Time (seconds) C C ' C S oxidised
ls/o ls/N ls/S 2p(%)
1ls 1ls 2n
As received 1.7 10 0.31 -
10 0.9 5.2 2.1 26
Comparison of Cl comoonents
K s X o
Total ClS C-H C-0 C=0 0-C=0 0-C-0
As received - 100 75 21 4 - -
10 100 46 26 8 13 7

The data reveal that sulphur is very readily lost, whilst
the stoichiometry with respect to nitrogen increase. The
level of oxygen functionality increases also and the degree of
charge asymmetry in the parent molecule (scheme 6) pérhaps

provides a basis for rationalising the facile loss of sulphur.239

Scheme 6

S—S8 S-S
CH3\ / \ /CH3 CH3\® / \ @/:H3
N—C\\ //C—N\ _ N=C\ C=N
CH3/ S s CH, CH3/ (S s/_ N 3
| O

(A) (B)
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The overlap between the C2D orbital and S3D is not favourable

on both an energy or size basis, the C=S bond is rather unstable,
and, in consequence, the net result is that TMTD can readily be

oxidised. A large distribution of C components and the

1s

appearance of S level as a substantially broadened structure

2p
at a rather low binding (FWHM 4.0 eV compared with FWHM 2.3 eV

for the as received material) provide some evidence for the
very large contribution of mesomeric structure-(B) to the
ground state valence bond description.

The difference in ClS ihtensity ratios is attributed
/S ' :
2p

to the loss of sulvhur as soé

to carbon on either side of a disulphide linkage; and, the

from the two doubly bonded sulphur

disulphide linkage is oxidised at one of its sulphur atoms,
whilst the other remains unaffected in the oxygen plasma, under
the employed conditions. Thus, the overall oxidation of TMTD,
analogous to the known procedures for the preparation of

C—sulphonylformamides,257 can be represented as follows:

Scheme 7
CH S S CH CH 0O 00 CH
N W /3 N QN g /03
’/N—C—S—S—C—N\ oxygen plasma, //N-c—s-ﬁ—c—m\
CH CH, CHj CH,

6.3.4 Overall features of organic sulphides

It is now possible to establish, with certainty, the overall
gross vpicture of the chemistry of oxidation of different
sulphides, which mirror the sulphide linkages in vulcanised

rubbers, before a variety of Natsyn 2200 elastomers are exposed
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‘sequentially to the oxygen plasma.

It has been stated in chapter one that the vulcanisation

of natural and synthetic rubbers in the presence of sulphur

and accelerators produces a mixed network structure of mono-,

di- and
to give
plasma,

The

polysulphides; and, these sulovhides are anticipated
the same products as models on exposure to the oxyvgen
under the comparable conditions.

overall features of oxidation for differxent sulphides,

inferred from the models, as a function of time in the oxygen

plasma, are as follows:

(1)

(ii)

A plot of initial rate of S, oxidation versus the

20

™

number of sulphur atoms in the sulphur linkage, in
Figure 6.15, ciearly reveals that the relafive
reactivity for different sulphides falls in the order:
mono-, < di-, < tri-, < tetrasulphide, indicating

that the monosulphide is least reactive and the
teﬁrasulphide is most reactive, under the employed
conditions in this work.

The ultimate products resulting froﬁ the oxidation

of suléhides in the oxygen plasma are as follows:

Monosulphide

R R

() _d

? —t=dy o_?_o Sulphone
R R

Disulphide

R R

| |

S [0] 0=5=0

é iy é~‘ Thiosulphonate
| |

R R
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(N} w ~
T T T

“Initial Rate of SypOxidation
T

v

1 2 3 /A '
Number of SulPur Atoms

o

Figure 6.15. 1Initial rate of S20 oxidation versus number of

sulphur atoms in the sulphur linkage.

Trisulphide

R R

| N

S v 0=8=0
N [0] -l .

?' > ? Thiosulphonate
s | 0=5=0 '

R ljz

Tetrasulphide

1

~°: 17

$ _toy1, 957

? —_— 0=8=0 + 2SO2

s R

{

R o Disulphone Sulphur dioxide
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(iii) Mono-, di- and trisulphides oxidise without
involving the cleavage of sulphur érosslinks,
whereas the tetrasulphide indicéted a—-disulphone
structure with the loss of sulphur as sulphur
dioxide. o

(iv) L.Cystine and dinonyl trisulphide indicate that
oxidation of the sulphur functionalities occurs
substantially faster than for the'hydroéarbon
overlayer.

It is clear from the study of bisén-prOpyl—y—
‘triethoxysilyl tetrasulphide in an oxygen plasma
that the reactive oxygen entities are selectively
reacting initially with the triethoxy functional
groups, attached directly to silicon, before the
oxidation proceeds at the tetrasulphide bridge.
The effect of iodine substitution distorts the
overall reactivity of ditertiododecyl pentansulphide
such that the pentasulphide is no longer an adequate
- model for sulphur bridges in 'sulphur-vulcanised'
rubbers. |

(v) The thickness of modified surface in an oxygen plasma
depends on the physical form of the sample. The )
liquid samples indicated greater depth of modification

than L.cystine (solid)
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6.3.5 Surface modification of Natsyn 2200 elastomers in an
oxygen plasma

(a) Introduction

The discussion to date in both this chapter and those
previously présented highlights the complex nature of the
elastomer surfaces, and their dependence on the initial bulk
formulation énd sample history. The reaction of the model
systems with oxygen plasmas is also, by no means, straight-
forward; nonetheless, it is worthwhile now, considering the
ESCA examination of plasma processed surfacgs of the elastomers
themselves.

The detailed composition of the bulk formulation.in terms
"of weight and normalised mole % for type 1, Natsyn 2200, system
in chapter three, clearly indicates that the ClS signal should
predominahtly arise from the Natsyn (polyisoprene) framework,
with smaller‘contributions from stearic acid, CBS and permanax

1s

B, whilst the sulphur signal should predominantly derive from

B. N signals would be expected from both CBS and permanax

the added sulphur itself as opposed to the sulphur of CBS.
Zinc is added to the formulation as the oxide to enhance thé
cure rate. Oxygen signals can conceivably arise from residuai
metal oxide (low binding energy), from carboxylate and oxygén
in stearate and permanax B respectively, and from oxidative
functionalisation of sulphur and the Natsyn égrface, arising
from oxidation in the oxygen plasma. In principle, the ESCA

N

experiment provides C 0 S and Zn core levels to

s’ “1s’ "2p 3p

1s’

define a surface stoichiometry.

On the basis of the complexities of the surface for the
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as received samples, it is therefore, convenient to consider:
the proceedinq ESCA data in detail for one particular case,
and then provide a somewhat less detailed ahalysis for the
other systems.

(b) Type 1, Natsyn 2200, elastomer in an oxygen plasma

In the light of the models investigated in the previbus
sections, an optimum cured type 1, Natsyn 2200, sample
containing antioxidant has been studied at two different take-
off angles for different periods of time exposed to an oxygen
plasma, in reactor B, with é power loading‘of 2 watts aﬁd a total
pressure of 0.2 torr at room temperature. The results of
relative intensity ratios, together with the deconvoluted
components of the Cls and S2p envelopes, corresponding to
Figure 6.16 are shown in Table 6.7, élearly revealing the
similarities and differences between them. 1In both cases
of different times and angles, coupled with oxygen plasma,
the reaction is very rapid and essentially complete after
5 seconds as far as the change in the surface composition is
concerned. The extreme surface, an electron take-off angle of
_700, shows a greater‘tendency for oxidation than that of
sub?surface, an electron take-off angle of 300, together With
very little or no loss of sulphur under the experimental
conditions; and, therefore, this is manifested in the

Zn3 ratios.
P/sq
P4 e

The—relative intensity of the carbon and oxygen peaks
exposed to oxygen plasma for 20 seconds is essentially the
same at both electron take-~off angles, indicating homogeneous

sample on the ESCA depth scale; but this does not mean that

)
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the surface modification has extended more than 508 into‘

the sample during plasma treatment. This stétement can be
easily substantiated by reconsidéring the ESCA data of as
received optimum cured type 1, Natsyn 2200,.elastomer in
chapter three, together with the plasma treated samples.
The'ESCA analysis of an optimum cured type 1 elastomer in
chapter three gave ratios of 100:2.3 and 1.2 in moles % for
Natsyn 2200 (polyisoprene), permanax B and CBS respectively,
indicating higher levels of antioxidant and accelerator by a
factor of approximately eight than in the.bﬁlk, whilst the
level of zinc, arising from zinc oxide and sulphide, at the
surface is approximately 1.5 mole %, less compared to that in
the bulk (4.0 mole %); and, therefore, revealing that the
level of zinc increases with increésing ESCA depth profile.
Furthermore, an estimate of a number of sulphur atoms between
the cross-linked'points of two polymer chaihs, calculated

from the use of ‘'swelling' data and analysis of S envelope,

20

&

is on average tetrasulphidic linkage for this optimum cured
type 1, Natsyn 2200, system.

In view of the complexities of the surface of as received
optimum cured type 1 elastomer, the ESCA data of such a
sample, coupled with oxygen plasma is examinéd in greater
detail by considering the C and S spectfa. The total

1s 2p

fraction of the C and S envelopes associated with oxvgen

1s 2p
environment is greater for the 70° electron take-off angle
compared to that of 30° and, a greater proportion of singly

bonded oxygen is produced in the very initial stages of

reaction, under the C,_ envelope, as is evidenced by the data
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in Tables 6.7a and b; and also, this is éveh clear from a
distinct broadening of Olsvpeak at a higher binding energy,
as the reaction proceeds at an electron fakéjoff angle of
70° in Figure 6.16. The enhancement of the relative
intensities of oxygen functionalities undgr the C,_ and S2p

1s

envelopes at near grazing electron take-off angle (700),

therefore, demonstrates the surface nature of the modification
and, the structural features associated with oxygen are
contained in a layer of thickness of the order of a monolayer
or so, one monolayer being ~ 58. (It shduld be noted that

the additional O s signal arising from the additives is

1
opposed to the oxygen of plasma incorporatéd during treatment.
The surface rich in permanax B by a factor of approximately 8
and stearate, in contrast to the level of zinc, partially
arising from zinc oxide with the remaining contribution from
ancSulphide‘as revealed bv Auger parameters in chapter three,

compared to the bulk composition, conceals the O contribution

1is

from plasma on the basis of total signal intensity ratios of
carbon to oxygen. Thus, the net effect of oXygen contributing

additives is that the Cls intensity ratio remains the same
/0
ls

at both electron take-off angles.) Indeed, this situation can
be further envisaged on the basis of Cls ahd S2p components
associated with oxygen at both electron take-off angles. It

is clearly evident from data in Table 6.7, a greater proportion
of ClS and S2p envelopes is oxidised at an electron take-off
angle of 70° than at 300, and the oxidation of these envelo?es
is complete within 5 seconds of exposure to the oxygen plasmé,

whilst these envelopes at an electron take-off angle of 30°
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Table 6.7

The ratio of intensities of the C 0 S and Zn

1s’ %157 Mig” 2D 3p

bands in the ESCA spectra of ontimum cured type 1, Natsyn

2200, elastomer containing antioxidant and plasma oxidised
Natsyn 2200 elastomer

(2 watts, 0.2 torr)

(a) Electron take-off angle (70°)

Time (seconds) C C C C % S oxidised
,ls/O ls/S ls/N lS/Zn 2
1s 20 1s 3o
As received 14 27 89 27 -
5 2.9 31_ 21 18 . 34
20 ' 3.2 31 16 17 33
C Components
1s -
C-H C-0 C=0 0-C=0
As received 96 4 - -
5 71 20 2 7
20 71 17 6 6
(b) Electron take-off (30°)
Time (seconds) Cls/o Cls/s Cls/N Cls/Zrl % SZp oxidised
1s 2p 1s 3n
As received 16 27 69 24 -
5 3.2 28 22 15 16
20 3.3 23 19 13 27
Cls Components
C-H C-0 C=0 O0-C=0
As received 95 5 - -
5 80 14 2 4

20 77 16 2 5
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are still in a process of oxidation, even after long plasma
exposure time (20 seconds). A comparison o£ the Szé
envelopes, oxidised to the same extent at the extreme
surface, an electron take—off angle 70° and, the different
extent of oxidation at thé sub~surface, take-off angle of 300,
for the different periods of time, therefore, clearly
demonstrate the thickness of the modified layer being of the
order of one monolayer or so. Additional.evidence to support
this argument can be found elsewhere.246 The effect of
oxygen plasmas at a substantially higher power 1dading (20
watts, 0.2 torr) with samples being exposed for 10 seconds

is very similar to that of a lower power loading treated for
longer time (20 seconds), as is evidenced by the distribution

of C s components pertaining to oxygen as shown in Table 6.8.

1

However, the Szpbénvelope, monitored at an electron take-off

angle of 700, shows a greater tendency for oxidation at a
higher binding (~ 168.0 eV) separated by approximately 5.7 eV

from the unoxidised S peak; and this, in conjunction with

2p

the oxidation of S2p levels at a lower power loading exposed

for longer time and, also together with the knowledge of

model compounds, unambiguously reveaés the nature of sulphur

o)

. . ] I
oxidation, being of the form —%—S—S—%—.
i |
0] 0]

The nitrogen spectra, corresponding to the glow-discharge

treated sample were broadened by the presence of at least
two components but overlapping le components approximately
at 399 and 402 eV, indicating amine and protonated amine

functionalities, respectively. The sharp decrease in Cl"
2 /N
1ls
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Table 6.8

The ratio of intensities of the Cls’ 0 "N and Zn

, bonds
1s “1s _

in the ESCA spectra of optimum cured type 1, Natsyn 2200,
elastomer containing antioxidant and plasma oxidised Natsyn

2200 elastomer

(20 watts, 0.2 torr)

(a) Electron take-off angle (700)

" Time (seconds) C /S C

15/0 Cls, 2p ls/N cls/én % SZp oxidised
1s 1s o 3p
As received 14 27 89 27 0
10 3.4 31 19 19 42
Cls Components
C-H C-0 C=0 0-C=0
As received 96 4 - -
10 75 18 - 4 -3
(b) Electron take-off angle (300)
. C % . 3 .
Timg (seconds) Cls/o Cls/s 1S/N ClS/Zn : S2p oxidised
1s 2p 1ls 3p
As received 16 27 69 24 -
10 3.1 25 15 14 .26
C1s Components
C-H C-0 C=0 0-C=0
As received 95 5 - -
10 77

18 3 2
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ratios in Table 6.7 with respect to as.fééeivéd samples
suggeéts that nitrogen is'either incorporatéd from the
atmosphere after bringing the whole vacuum system to an
atmosphefic pressure for transfer into the spectometer (vefy
unlikely), or more probably, the:antioxidant has diffused

to the surface after plasma treatment, or due to the
continuous renewal of the surface by the evqlution of small
Qolatile molecules (e.g. CO, COZ' HZO etc.), which can not

be detected directly by ESCA. It is, therefore, quite .
conceivable that the deconvoluted component for singly bonded

oxygen under the C envelope is slightly over-estimated as

1s
a.result of the similarity in C-N bonding energy, however,
this does not alter the overall argument.

The increase in Zn LBE ratijos, (LBE: low bindihg
3p/s
2p

energy, components under the S envelopes) , by a factor of

2p
approximately two at both electron take—bff angles after
oxygen plasma treatment, as is evidenced in Table 6.9,
suggests that these ratios are manifested either by the
increase in level of zinc after ablation of surface (it has
been already mentioned in chapter three that fhe level of zinc
at the surface is 1.5 mole % compared to that in the bulk,

4.0 mole %), or the sulphur contributing to low energy
components has been lost under the conditions employed; the
latter possibility seems improbable, as it has been indicated
by the approximate constant level of sulphur; whereas the
slight increase in ratios of zinc to total sulphur.is most

likely due to the removal of small volatile molecules

containing carbon, thus increasing the level of zinc with ESCA
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depth into the sample.

Table 6.9

Comparison of Zn LBE, before and after plasma
3p/s
2p
treatments (2 watts, 0.2 torr)

Time (seconds) 30° 70°
O As received 2.1 2.0
5 3.8 5.3

20 4.2 4.5

Additional experiments have also been carried out on the
optimum cured type 1, Natsyn 2200, elastomers as a function of
the time, the samples being left in the dark, before analysing
the surface after oxygen plasma treatmeﬁt at a power loading of
2 watts for 20 seconds and a total pressure of 0.2 torr to
interrogate the extent of ClS and Sép oxidation in the presence
and absence of antioxidant. The effect of antioxidant, a
condensate of acetone and diphenyl amine, on the surface
modification is fairly explanatory by the data set out in
Table 6.10 in that the elastomer without antioxidant indicatés
a greater tendency for surface oxidation than that with
antioxidant after long exposure to the atmosphere. The ESCA
analysis immediately after oxygen plasma treatment revealed
very little or no effect of antioxidant on the. surface oxidation,
which distinguishes the oxygen plasma treatmént from the

thermal oxidation described in chapter eight.

In the light of these results for the optimum cured tvpe 1
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elastomer studied under different conditions, a partially

(50%) cured type 1, Natsyn 2200, elastomer containing
antioxidant, which differs only in time of cure (15 minutes)
compared to an optimum cured sample (25 minutes) has been
investigated at 70° and 30° electron take-off angles, coupled
with oxygen plasma at a power loading of 20 watts for 10
seconds and a total pressure of 0.2 torr in reactor B. The
effect of an oxygen plasma on the relative intensity ratios,
together with the deconvoluted components of‘Cls and S2p
peaks, corresponding to Figure 6.17 in Table 6.11 can be
envisaged by reconsidering the ESCA data of the as received
sample, diséussed in chapter thres. The ESCA analysis of a
partially cured type 1 elastomer gave on average ratios of
100:5:3 in mole % for Natsyn 2200 (polyisoprene) permanax B
and CBS respectively, indicating higher levels of antioxidant
and accelerator by a factor approximatély eighteen times
greater than in the bulk, whilst the level of zinc arising
largely from ZnO and the remaining from ZﬁS, (as revealed by
Auger data in chapter three), at the surface is on average 3.0
mole %, slightly less compared to that in the bulk (4.0 molev%),
revealing very little increase of zinc level with increasing
ESCA depth profile. An estimate of the number of sulphur atoms
between the cross-linked points of two polymer chains,

calculated from the use of 'swelling' data and analysis of S20

xr

envelope, is on average ten per sulphide linkage.

The differenc in intensity ratios and the development of
various structural features under the ClS and 82p enveloves
pertaining to oxygen are fairly self explanatory in the light
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Table 6.11
« ] [] ] O ’
The ratio of intensities of the C,_, 1s’ le, SZp and Zn3p
band in the ESCA swectra of as received partially (50%) cured

type 1, Natsyn 2200, elastomer containing antioxidant and
plasma oxidised Natsyn 2200 elastomer

(20 watts, 0.2 torr)

(a) Electron take-off angle (70°)

i o 7 LBE $
Time (seconds) Cls/o cls/s Cls/N lS/Zn n3p/s B S2p
1s 2p 1s 3n 2p oxidi-
sed
As received 11 15 47 15 1.7 -
10 3.5 26 11 14 4.4 21
ClS Components
Total ClS C-H Cc-0 C=0 O0-C=0
As received 100 Y0 4 - -
10 100 69 22 5 4
(b) Electron take-off angle (300)
i C C Z ILBE % S
Time (seconds) Cls/o ls/s ClS/N lS/Zn n3p/s 20
1s 2p 1s “3p 2p oxidi-
sed
As received 13 11 57 11 2.0 -
10 1.3 19.4 13 10 4.0 14
C Components
1s
Total C1s C-H C-0 C=0 0-C=0
100 96 4 - -

100 72 21 4 3
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of discussion for the optimum cured elastomer with the exception

of Zn LBE ratios, as is evidenced by the data in

3p/s2o

Table 6.11. The increase in Zn LBE ratios by a factor

/S
2p
of approximately two at both take-off angles, also consistent

3p

with the optimum cured sample, suggests that these ratios

for the partially . cured elastomer are dictatéd only by the
loss of sulphur at the surface. Indeed, the loss of sulphur
by a factor of approximately two as evidenced by the increase

of Cls ratios in Table 6.11 accounts for such an increase,
/S
2p
which the latter after oxygen plasma treatment is contradictory

to the situation observed for the optimum cured sample.

For an optimum cured sample, the ratios of Zn LBE were,
Bp/s
2p
merely manifested by the increase of zinc level with increasing

ESCA depth profile into the sample.




CHAPTER SEVEN

SURFACE MODIFICATION OF MODELS AND ELASTOMERS

BY HYDROGEN PLASMA

PART IT




307

7.1 Introduction

This chapter, as a logical extension of chanter six,
describes the effect of hydrogen plasma on models (taken for
the establishment of surface chemistry) and 'sulphur-vulcanised'
elastomers by exposure to glow discharges, excited in pure
hydrogen, as a function of reaction time. In'addition, the
surface modification affected by hydrogen plasmas, followed
by further oxygen plasma treatment in reactor A (Figure 6.4
of chapter six), directly attached to the svectrometer, has
also been investigated.

It has been demonstrated in chanter six that, for extensively
treated samples in oxygen plasmas, the level of sulphur in
di- and trisulphides remained unchanged and the tetrasulphide
indicated a loss of sulphur by a factor of two, under the
employed conditions. It is also clear that the well-resolved

components under the S 5 enve lopes (caused by spin orbit split)

2
are attacked by the reactive entities of oxygen nlasma after
the oxidation of carbon-carbon double bonds. Indeed, the
observation at substantially higher power loadings indicated
the same trend of oxidation (resulting in the ablation of
materials from the surface on prolonged treatments in oXygen
plasmas) .

The background information, in the literature, relates
primarily to the -reduction of simple sulphide compounds and
arises predominantly from studies of reactions of a variety
of reagents (lithium aluminium hydride and zinc/acetic acids,

242,243,249-251

etc.) in solution phase. The choice of method

for the modification of the surface of thickness in the range
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of a few monolayers is, therefore, of partiéular importance
to obviate the reactions extending into the bulk of the
sample.235’252—254
The prime objective in this chapter has been to establish
the surface chemistry of models and hence to use this
knowledge to elucidate the surface aspects of sulphur-vulcanised
elastomers after treatment with hydrogen plasmas. Very little
work has been done in the past on the use of plasmas for the
investigation of sulphur containing systems.24o'24l’255
There is very little evidence for the existence of reactive
hydrogen entities other than atomic hydrogen at a low pressure
(0.2 torr), employed in this work. At a substantiai higher
pressure (30 - 300 torr), the reactive unstable entities in
the plasma: hydrogen atoms (H), excited hydrogen atoﬁs (H*)
and molecules (Hz*), protons (H+) and possibly unstable
complexes (HX*) resulting from three body-collisions of atomic
hydrogen with hydrogen molecules, appear to retain a greater
proportion of the energy of recombination and, may survive
up to 108 collisions in the sustaining plasma state before

proceeding chemical reactions.221¢256,258,259

Thus, one or
more species may participate in the chemical reactions.

Figure 7.1 illustrates the numerical solution of the Boltzménn
equation for a typical hydrogen plasma, identified by the
extent of ionisation value of (n/N). It is clearly apparent
that at very low energy, the f(e) value decreases with an
increasing extent of ionisation. The distributions cross

each other in the neighbourhood of 1 eV and the situation is

reversed. At still higher energies, the distributions cross
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each other twice before the population has increased with
the degree of ionisation. The distribution'function
resembles that of Maxwellian at a very high degree of
ionisation. The average enerqgy expressed in the Boltzmann

equation is a function of the power and the pressure.

[
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Figure 7.1. Effect of the extent of ionisation on the energy .
distribution function for a hydrogen plasma.
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7.2 Experimental

7.2.1 Samples

The same samples (models as a function of time for the
establishment of surface chemistry and Natsyn 2200 elastomers
treated sequentially) as in chapter six were subjected to
inductively coupled radio-frequency glow discharges excited
in hydrogen. The technique of handling the samples and
obtaining the spectra were as previously stated.

In chapter six, it has been shown that thé level of sulphur
was the s ame before and after plasma treatment (for the
optimum cured sample); and, the oxidised sulphur moiety gave
rise to a distinct band centred at binding energy ~ 168.5 eV

and the corresponding S signal from the unoxidised organic

2p
sulphide at approximately 164 eV after the oxidation of
carbon-carbon double bonds. The oxidation of unsaturated
systems constitutes a very fast process, which is followed by
the slow oxidation of di- and polysulphides. - It will become
apparent in the proceeding sections that the chemical nature
of the final surface produced on exposure to a hydrogen
plasma is largely dictated by the initial surface chemistry of
the samples; and, therefore, both models and elastomers have
been studied.

Standard laboratory cylinder hydrogen was used without

further purification.

7.2.2 Instrumentation

The spectra of as received and plasma treated samnles
were obtained on the AEI ES200B spectrometer, under the same

conditions employed in section 6.2.2 of chanter six; and,
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therefore, it is unnecessary to repeat this here.

The votential for specific modification of surface
properties by means of plasma techniques has already been
elaborated in chapter six and the virtues of empioying
inductively coupled instrumentation are also well documented

220,228,246 1y, surfaces modified by hydrogen

elsewhere.
plasmas in this chapter were affected with both reactors A
and B, as indicated schematically in Figure 6.4 of chapter
six. Reactor A, particularly designed for the investigation
of model systems, was directly attached to a spectrometer
enabling considerable flexibility in terms of handling, in
particular, liquid samples, without exposure té the
atmosphere. Samples of L.cystine in the form of a powder,
carefully mounted on Scotch tape to avoid erroneous signals
(which would conceivably arise from the uncovered area of a
tape), and Natsyn 2200 elastomers cut to a size (20 mm X 6 mm
and 2.5 mm) appropriate for a probe tip were-inserted into
the bridge of the inverted T shavned reactor B by means of the
flanged housing at one end of the reactor B. The hydrogen
excitations were sustained using a Tegal Corporation
~Radio-frequency Generator, tuning being accomplished by
varying the impedence of matching network. The effect of
residual oxygen, which is more pronounced in a less efficient
vacuum system, was minimised by producing a greater pumping

speed from the modification of existing pumping mechanism.

7.2.3 Plasma reduction of model systems as a function of
time

The experimental procedure for the investigation of the
effect of hydrogen plasmas on the models was accomplished in

the manner outlined in section 6.2.4. Precaution was taken to
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minimise the residual effect of oxygen in the vacuum system.
The ESCA and radio-frequency equipment together with

experimental procedures have previously been described.

7.3 Results and Discussion

7.3.1 Introduction

The main emphasis in this work, complementary in some
respects to chapter six, has been to investigate the effect
of hydrogen plasmas on both models and 'sulphur-vulcanised'
elastomers, using ESCA as a tool.

It is convenient here to consider the ESCA data in less
detail for models first, and then compare them with those of
elastomers in the proceeding discussion (with regard to the
situation of surface oxidation achieved by exposing to
ihductively coupled oxygen plasma, described in chapter six).

The important structural features of carbon (C, ) and

1s

sulphur (S, ), together with the method of deconvolution into

2p

their individual components, have also been outlined previously.

7.3.2 Reactions of models in hydrogen plasma

(a) L.cystine inahydrogenplasma as a function of time

The core level spectra of as received and hydrogen plasma
treated L.cystine} as a function of reaction time, are shown
in Figure 7.2, and the relevant intensity ratios are nresented
in Pigure 7.3.

a . . .
ls/o ' Cls/N an Cls/s intensity ratios of as
1s

1s 2p
received L.cystine reveal that the surface is not entirely

The C

representative of the bulk and the powdered sample must have a

surface layer of hydrocarbon contamination (section 6.3.2a).
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Figure 7.2. Cls’ Ols' le and S2p snectra of L. cystine vs.

time of exposure to a hydrogen plasma (0.4 watt,
0.1 torr).
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Figure 7.3. 1Intensity ratios vs. reaction time for L.cystine
inahydrogenplasma (0.4 watt and 0.1 torr).

The ratios of Szp as a function of reaction time in
_/N
1s

Figure 7.3 provide clear evidence that sulphur is not lost in
the hydrogen plasma under the employed conditions or that

both elements are lost at the same rate, whilst the ClS
/S
2p

and ClS ratios vary significantly, which, in turn, may
/N
1s
suggest a build up of a hydrocarbon overlayer. In view of the

nature of the sample resulting from impurities, further
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elaboration of the C functionalities is not preferred;

1s
however, an examination of the ClS components under the Cls
envelopes and broadening of the shoulder of the OlS levels

at binding energy ~ 534 eV reveals that the carboxyl grouos
(COOH) are converted into hydroxyl functionalities (-OH).

The data in Table 7.1, obtained at a éubstantially higher
pvower loading (20 watts for 10 seconds and 0.1 torr), also
indicate that the level of sulphur remains unchanged in the

surface regions.

Table 7.1

1s’ Ols’ Nis and SZp

bands in the ESCA spectra of as received and hydrogen
plasma treated L.cystine

The ratio of intensities of the C

Conditions: time = 10 seconds, pressure = 0.1 torr and
temperature of a sample in the spectrometer
= 210K.

C
Power (watts) Cls/o Cls/N ls/N
1s 1s 1s

As received 0 2.1 4.8 2.8

0.4 2.4 8.5 4.3
20 2.7 7.3 5.7

The data would seem to be most readily interpretable in
terms of reduction of the disulphide to the thiol, the level
of sulphur being the same before and after hydrogen plasma

treatment.

Hydrogeny ,pgy (7.1)
plasma

R-5-5-R
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The study of model systems show that the.S binding

2p
energy for the thiol and disulphide are essentially the

same. One may anticipate, therefore, that_the reaction of
disulphide crosslinks in vulcanised elastomers will lead to

surface (v 208) svecific reduction with no loss of sulnhur.

(b) Dinonyl trisulphide inahydrogenplasma as a function of
time

The ClS and S2p core levels for dinonyl trisulphide and

for the hydrogen plasma treated samples at a power loading of
1 watt and a total pressure of 0.1 torr are indicated in
Figure 7.4 as a function of time, and the data, derived from
the relevant analysis, are presented in Figure 7.5. The
results can be rationalised unambiguously by recalling the
equation (6.2) in chapter six.

A knowledge of the mean free path of the photoemitted
electrons ~ 15X for S2p level using Mgkal , radiation, an
electron take-off angle of 30° and the thickness of the modified
layer ~ 5% suggests that the trisulphide bridge is cleaved
under the conditions employed in this investigation and the
reaction in the hydrogen plasma results in desorvtion of HZS

from the surface and formation of thiols, as illustrated in

equation (7.2).

R-S5-5-S-R —iﬂl% 2RSH + HZS (7.2)

The data in Table 7.2, obtained at a substantially
higher power loading, is fairly self explanatory that the
sulohur from trisulphide bridge is lost in the form of HZS

and the increase in level of sulphur at the surface is from
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Figure 7.4.
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ClS and S2p spectra of dinonyl trisulphide vs. time

of exposure to a hydrogen plasma (1 watt, 0.1 torr).
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polymerisation of thiols.

Table 7.2

The ratio of intensities of the Cls and S2p bands in the

ESCA spectra of as received and hydrogen plasma treated
dinonyl trisulphide

Conditions: time = 10 seconds, pressure = 0.1 torr and
temperature of a sample = 210K. After
plasma treatment, the samnle was further
cooled to 170K before introducing into the
spectrometer for an analysis at an electron
take-off angle of 30°.

Power (watts) C
ls/S
2p
As received v 0 3.6
1 4.0
10 2.9

(c) Bis-n-propyl-y-triethoxysilyl tetrasulphide in a hydrogen
plasma '

The effect of the hydrogen plasma on bis-n-pronyl-y-tri-

ethoxy tetrasulphide, as a function of time in reactor A,
directly attached to the spectrometer, was so dramatic that
yit was not possible to obtain the data beyond 10 seconds of
treatment at a power loading of 1 watt and a total pressure

of 0.1 torr; although, several attempts at maximum cooling
(150K) had been unsuccessful. The only possible obtainable
data is set out in Table 7.3. The active entities, mainly
hydrogen atoms in the hydrogen plasma, are selectively
reacting initially with ethoxy functional grouws and then with

silicon before the reaction could proceed at the tetrasulphidic
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Table 7.3

The ratio of intensities of the C S and Si

1s’ ols' " 2p 2n
bands in the ESCA swectra of as received and hydrogen
plasma treated bis-n-propyl-y-triethoxysilyl tetrasulphide

Conditions: power = 1 watt, pressure = 0.1 torr and
temperature of a sample in reactor A = 190K.
After plasma treatment, the sample was further
cooled to 150K before introducing into the
spectrometer for an analysis at an electron
take-off angle of 30°.

Time {(seconds) C C | C
1s 1s 1s .
/Ol /S2p /SlZP
As received 0 1.9 2.5 6.3
10 1.7 2.4 6.0

bridge, and the possible overall reactions are as follows:
Scheme 1

(EtO)3Si—(CH2)3—S4—(CH2)3—Si(EtO)3

Hydrogen plasma

) ,~CH

6EtOH + 281H4 + CHB-(CHZ)Z—S - (CH 5 3

4 2

— 2CH3(CH2)2—SH + 2H28

A comparison of the data in Table 7.3 and a knowledge of
additional unsuccessful experiments beyond 10 seconds of
exposure time in hydrogen plasmas indicates that the products
unon such treatments were pumped away in the vacuum system

and, the further treatment of a sampnle, coated onto a gold
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substrate, resulted in commlete ablation of the sample.

In the light of the discussion for dinonyl trisulphide,
it follows that the tetrasulphide is cleaved in the hydrogen
plasma, resulting in desorption of two molecules of HZS
and two molecules of thiols formation. |

In view of the di-, tri- and tetrasulphide reactions
in hydrogen plasmas, further investigation has not been
carried on ditertiododecyl pentasulphide.

7.3.3 Reactions of accelerators inahydrogen plasma

(a) Introduction

It is of interest to study the effect Qf hydrogen on
additives by exposure to plasmas excited in pure hydrogen
before examining the ESCA data pertaining to elastomers
treated in the hydrogen plasma. Cyclohexylbenzthiazyl
sulphenamide (CBS) and tetramethylthiuram disulphide (TMTD)
employed in Natsyn 2200 samole formulations have, therefore,
been investigated in 'situ', using ESCA, coupled with glow
discharge techniques at a total pressure of 0.1 torr and a
power loading of 1 watt for 10 seconds.

The samples were cooled to ~ 180K prior to analysis on
the ES200B spectrometer.

(b) Cyclohexylbenzthiazyl sulphenamide in a hydrogen plasma

The data in Table 7.4 vertaining to the raw spectra of as
received and hydrogen plasma treated in 'situ' in Figure 7.6

indicate very little change in C, and C intensity
ls/N lS/S
1s 2p

ratios, whilst the effect is dramatic on the FWHM of the le
peak (FWHM 4.5 eV compared with the untreated sample). The
increase in level of oxyaen by a factor of two is conceivably

from residual oxygen present in the hydrogen plasma (it is
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Table 7.4

Comparison of intensity ratios before and after plasma
treatment

(1 watt, 0.1 torrx)

Time (seconds) Cls/o Cls/N Cls/S
1s 1s PAS

As received 0 6.1 11 4
10 3.1 10.3 3.6

well known that aromatic systems are varticularly prone tc

oxidation compared with the aliphatic systems). An examination

of core level spectra in Figure 7.6 suggests that the carbon
doubly bonded to nitrogen in a benzthiazyl is cleaved
resulting in the formation of different amine environments
and carbonyl functionalities, which the latter is reduced

to hydroxyl functionality as is evidenced by the component
at 286.6 eV under the C1S envelope. As far as the chemistry
of sulphur is concerned, the reactive entities in the hydrogen

plasma have very little or no effect on the level of sulphur.

(c) Tetramethylthiuram disulphide ina hydrogenplasma

The ESCA data in Table 7.5 and the core level spectra for
TMTD in Figure 7.7 (hydrogen plasma treatment:- a power
loading of 1 watt for 10 seconds and a total pressure of O.l1
torr) clearly reveal the effect of reactive hydrogen entities
on the intensity ratios of different chemical environments,
under the ClS and S2p envelopes. It is clear from the data

that sulphur is very readily lost, whilst the stoichiometry

of nitrogen with resvect to carbon remains unchanged. The
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levél of oxygen decreases by a factor of three, conceivably
in the form of HZO and the degree of charge asvmmetry in the‘
parent molecule (as is indicated in scheme 6 of chavoter six)
perhaps provides a basis for rationalising the facile loss

of sulphur in the hydrogen nlasma. The C=S band is rather
unstable, and, in consequence, the net result is that TMTD
can readily lose sulphur under the conditions employed in

this work.

Table 7.5
Comparison of intensity ratios

(1 watt, 0.1 torr)

Time (seconds) Cls/o -Cls/N Cls/s
1s “ls 2p
As received 1.5 10 0. 30
10 5.1 11 3.1
The large difference in ClS intensity ratios is
/S
2p

attributed to the loss of sulphur as H.S from the two doubly

2

bonded sulphur to carbon on either side of a disulphide
bridge and partially to the increase of a hydrocarbon layer.

The disulphide linkage is conceivably cleaved and reduced to

CH3\
thiol ( N-CH.-SH)..
// 2

CH3

7.3.4 Surface modification of Natsyn 2200 elastomers in_a
hydrogen plasma

(a) Introduction

It is clear that the reactions of model systems with

hydrogen plasmas are by no means simple; nonetheless, it is
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worthwhile examinina the ESCA data of hyergeh plasma processed
surfaces of the elastomers themselves. Samples of type 1,
Natsyn 2200, elastomer containing antioxidant (antioxidant -

a condensate of acetone and diphenyl amine) have been subjected
"to sequential treatments with inductively coupled glow
discharge, excited in pure hydrogen at a power loading of 2
watts and a total pressure of 0.1 torr. The detailed compos-
itions of the bulk formulation in terms of weight and |
normalised mole % for type 1, Natsyn 2200, elastomer are given
in chapter three. |

(b) Tyve 1, Natsyn 2200, elastomer ina hydrogenplasma

The core  level spectra for the as received and hydrogen
plasma treated type 1, Natsyn 2200, elastomer are shown in
Figure 7.8 and the pertaining ESCA data at 30° and 70° electron
take-off angle are set out in Table 7.6.

The data, in conjunction with the model studies, suggest
that the polysulohide crosslink is cleaved and the sulphur is

lost in the form of H,S and the resulting thiols polymerise

2

such that the level of sulphur at the surface decreases
slightly with reaction time, or the sulphur is not lost.

The variation in ClS intensity ratios is due to different
/S2p
surface composition of elastomer, taken fresh for each

hydrogen treatment from the same sheet and conceivably to build
up of a hydrocarbon overlayer, whilst the stoichiometry of
nitrogen increases with respect to carbon. An examination of

the ClS intensity ratios (compared with the oxygen plasma
7
treatments in chapter six) and the approximate constant ratios



327

f A4V

L

Y

Ll e S 7 VA= LY MR e TTfM & e R R M ALY T — e iR EMMANM 2= L LWL X S

_ ; d
uksjeN ‘1 92dA3 paindo umwT3ido ue JO evIjdoads Nm pue mHz ~mﬂo Nmau

ag a1y (IS AOUENT ONIONIG , iy

*g "L danbtd

8SL 09k ZSt 791 99L Q9L OLL ZLL S5E 86€ 007 207 707 625 LES €€S SES LES 182 €8 SBT L8T 687 L6T €62

T

0oL x Obx

v T

paAIgJdal SY

gex gex

gex

(S3INUIWIGZ BwI) 8.N2) 'JBWOISDI] Q0ZZ UASION
{LL-0°MZ)




328

‘Table 7.6

N _
1s’ “1s’' "1s’ SZp and
Zn3p bands in the ESCA spectra of as received optimum
cured type 1, Natsyn 2200, elastomer containing anti-
oxidant and hydrogen plasma treated Natsyn 2200 elastomer

The ratio of intensities of the C 0

(2 watts, 0.1 torr)

Electron take-off angle (70°)

Time (seconds) C C C C
1s 1ls 1s 1s
/Ols /SZp /le /Zn3p
As received 14 27 89 27
5 13 37 42 30
20 12 38 35 : 45
Electron take-off angle-(300)
Time (seconds) C C C C
1s 1s 1ls 1s
/01 /895 MNis /204,
As received 16 27 69 24
5 11 29 41 23
20 15 34 37 31
of Zn3p suggests the latter statement that the level of
/S
2p

sulphur remains essentially unchanged and sulphur is not

desorbed from the surface as H,S under the conditions employed

2
in this part of the study.

The Zn LBE intensity ratios in Table 7.7 are
3p/S
2p
approximately constant (two) at both electron take-off angles

and a comparison with the data in Table 6.9 of chapter six

imolies that the ablation of the surface is not a dominant
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factor under the conditions used during hYdrOgen plasma
treatments. (It has previously been stated that the level

of zinc at the surface is, approximately 1.5 mole %, less
compared to that in the bulk, ~ 4.0 mole %, and increases
with increasing ESCA depth profile into the sample. The
oxygen plasma processed surfaces revealed tﬁe,increased level
of zinc by a factor of two, suggesting that the ablation of
materials from the surface is a dominant factor in oxygen

plasmas) .

Table 7.7

Comparison of Zn ILBE before and after plasma
3p/S
2p

treatments

(2 watts, 0.1 torr)

Time (seconds) 30° 70°

As received 0] A2.l 2.0
5 2.4 2.2

20 2.0 1.6

The nitrogen spectra in Figure 7.8 are broadened by the
presence of at least two components (amine and nrotonated

amino), and a sharp decrease in C intensity ratios in

ls
/le

Table 7.6 with respect to as received sample indicates that
the nitrogen in the form of amine is conceivably incorvorated
either from the atmosovhere after bringing the whole vacuum

system to atmospheric pressure for the transfer of the samnle

into the spectrometer (very unlikely) or more probably that the
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antioxidant has diffused to the surface after vlasma treatment
(the oxygen>plasma processed elastomers, under the comparable
experimental procedure, also indicated amine and protonated
amine functionalities at binding energies ~ 399 eV and ~
402 eV respectively) .

The immediate loss of unsaturation, ~ 6.5 eV froﬁ the main
Cls photoionisation peak, is associated with_the addition of
reactive hydrogen entities to the carbon-carbon double bonds.
The carboxyl grouos are converted into hydroxyl functionalities,
as is evidenced by the increase of a component at a binding

energy of 286.6 eV under the C s enve lope.

1
The data in Table 7.8 for 30O and 70O electron take-off
angles, corresponding to the hydrogen plasma at a substantially

higher power loading (20 watts for 10 seconds and 0.1 torr),

indicate that the intensity ratios of C and Zn
ls/s 3p/s
2p 2p

are increased by a factor of approximately two; which may
imply that the sulphur at the surface of elastomer containing
sulphur functionality of four on average is desorbed as HZS
and the subsequent reaction stops at thiols. The increase in

Zn3 LBE intensity ratio, by a factor of approximately two
p/S2o ‘
at 30° electron take-off angle in Table 7.8 indicates that the

level of zinc increases with the ESCA depth profile into the

sample. However, the rather low ratio of Zn3D LBE at the
s /SZp

extreme surface is attributed to the low level of zinc,
initially present in the extrme surface region as is evidenced

by the high intensity ratio of Cls in Table 7.8. The
/Zn3p

high susceptibility of carbon-carbon double bonds to reactive
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Table 7.8

1s’ Ols' le' SZp and

Zn3p bands in the ESCA spectra of as received optimum

cured type 1, Natsyn 2200, containing antioxidant and
hydrogen plasma treated Natsyn 2200 elastomer

The ratio of intensities of the C

(20 watts, 0.1 torr)

Electron take-off angle (700)

Time (seconds) ClS Cls Cls 'Cls Zn3D LBE
/Ols /S2p /le /Zn3p _/SZp
As received 14 27 89 27 2.0
10 10 49 45 51 1.8
Electron take-off angle (300)
As yeceived 16 27 69 24 2.1
10 10 52 38 30 3.9

entities of oxygen, either resulting from air bubbles in the
elastomer or from the presence of residual oxygen in the
sustaining hydrogen plésma, is evidenced by the increase of OlS
level.

In view of these results for the ontimum cured type 1,
elastomer, a partially (50%) cured type 1, Natsyn 2200,
elastomer containing antioxidant, which differs only in time of
cure (15 minutes) compared to an optimum cured sample (25
minutes) has been studied at 300 and 7Oo take-off angles,
coupled with hydrogen plasma at a power loading of 20 watts

for 10 seconds and a pressure of 0.1 torr; and, the relevant

intensity ratios, derived from the raw spectra in Figure 7.9,
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are set out in Table 7.9.

The increase in C intensity ratios at both electron

. 1s/SZP

take-off angles after hydrogen plasma treatment suggests that
half of the sulphur from the volysulphide crosslink (ten sulphur
atoms per crosslink) is eliminated in the form of H2S and

the subsequent reaction stops at thiols, whilst the stoich-
iometry of nitrogen increases with resvect to carbon. waever,

the intensity ratios of ClS are increased by a factor of
/Zn
3p
approximately two and do not support the above statement that

the level of sulphur is changed during the hydrogen plasma
treatment.

The Zn3p LBE, intensity ratios remain essentially
/S
2p
constant (two) at30O and 70O electron take-off angles (it has

been stated in chapter three that the level zinc at the
surface, 3 mole %, is approximately the same as in the bulk,
4 mole %, and the angular dependent study has little effect

on the Zn, intensity ratios as far as the ESCA depth
P/S
2p
profile is concerned into the sample).

7.3.5 Surface modification by hydrogen/oxygen plasmas

({a) Introduction

In this part of the study, the surface chemistry of model
and elastomer substrates has been specifically modified by
ﬁeans of inductively coupled pvlasmas, excited in hydrogen and
oxygen, and the results of such treatment are elaborated by
meaﬁs of ESCA.

Dinonyl trisulphide as a model and an optimum cured type

1, Natsyn 2200, elastomer containing antioxidant were treated
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Table 7.9

The ratio of intensities of the C and

1s’ %157 Vig” SZp

Zn3p bands in the ESCA spectra of as received partially

(50%) cured type 1, Natsyn 2200, elastomer containing
antioxidant and hydrogen plasma treated Natsyn 2200
elastomer

(20 watts, 0.1 torr)

Electron take-off angle (700)

Time (seconds) Cls C1S ClS ClS Zn3p LBE
/Ols /S2p /le /Zn3p _/SZp
As received 11 15 47 15 1.7
10 11 25 35 36 1.7
Electron take-off angle (30°) -
As received 13 11 57 11 2.0
10 11 18 27 25 1.9

in reactor A, directly attached to the spectrometer, at a power
loading of 1 watt and a total pressure of 0.2 torr (as
indicated pressure of 0.2 torf by a Pirani gauge for hydrogen
gas is approximately equal to true pressure of 0.1 torr).

(b) Dinonyl trisulphide in hydrogen/oxygen plasmas

The spectra of dinonyl trisulphide in Figure 7.10a treated
with hydrogen plasma for 10 seconds after a brief exposure
(10 seconds) to oxygen plasma and the spectra in Figure 7.10b
for 20 seconds in oxygen plasma followed by a further 10
seconds in hydrogen plasma at a power loading of 1 watt and a
total pressure of 0.2 torr as indicated by the Pirani gauge,

together with data in Table 7.10, tend to reveal a different
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(1W, 0:2T)
CoHyg '3‘ CoHig

As received

293 291 289 287 285 283 281 537 535 533 531 529 172 170 168 166 64 62 160 158
Cis 15 2p

BINDING ENERGY (eV)

Figure 7.10. Cls’ OlS and S2p spectra for dlnpnyl trisulphide

exposed to hydrogen/oxygen plasmas (1 watt, 0.2 torr).
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Table 7.10
The ratio of intensities of the C, , O, and S, bands in
1s ls 2p
the ESCA spectra of as received dinonyl trisulphide and
hydrogen/oxygen plasmas treated dinonyl trisulphide

(1 watt, 0.2 torr as indicated by Pirani gauge)

Hydrogen plasma for 10 seconds, followed by an
oxygen plasma for 10 seconds

C C :

1s 1s ,.

. /OlS /S2p
As received 12.3 3;6
Plasma treated 25 2.6.

Oxygen plasma for 20 seconds, followed by a plasma
for 10 seconds

C

C1s 1s

/Ols /SZp

Plasma treated 5.2 2.7

situation compared with that of a samwnle treated in oxygen and

hydrogen plasma alone. The intensity ratio of Cls of the
/S2D
order of 2.6 for both different treatments and a knowlege of the

relative contribution of signals from the modified surface,
derived using an equation 6.2 in chapter six, suggest that the
alkyl trisulphide resulted in higher polysulphides, namely
tetrasulphide, conceivably via free radical mechanism. One
would also expect the'same trend for a 'sulphur-vulcanised'
elastomer, coupled with such conditions, if the above
observation is genuine. Thé sulphur spectra do not indicate

any provensity for oxidation to sulphates and, if any formed,
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would have been reduced either to alkyl sulpﬁides or thiols

or the surface was ablated, the latter appearing more probable.
The increase in level of oxygen for thesebkinds of treat-

ments are associated with the increase of carbon-oxygen

functibnalities, as is evidenced by the deveiopment of

components under the C s envelopes in Figure 7.10.

1

(c) Type 1, Natsyn 2200, elastomexr in hydrogén/oxygen plasmas

After having investigated the effect of the different
exposure sequence of hydrogen and oxygen plasmas on the
dinonyl trisulphide, an optimum cured type 1, Natsyn 2200,
elastomer containing antioxidant has been subjected to
hydrogen nlasma for 20 seconds, followed by a further 20 seconds
in oxygen plasma; and, also, with a sequence of oxygen and
hydrogen plasma at a power loading of 1 watt and a total
pressure of 0.2 torr, as indicated by the Pirani gauge on
reactor A (configuration in chapter six). The reactor A,
directly attached to the spectrometer, enabled the direct
investigation of samples by obviating the effect of atmospheric
exposure.

The core level snectra for an optimum cured type 1, Natsyn
2200, elastomer are presented in Figure 7.11 and the relevant
intensity ratios are set out in Table 7.11. The data clearly
illustrate the dramatic effect on the intensity ratics irrespect-
ive of the sequence of hydrogen and ongen plasmas under the
conditions employed in this part of the study. The C;_ and

1s

820 core level spectra in Figure 7.11 appear similar,

I

irrespective of the sequence of hydrogen and oxygen plasmas

used, without revealing any tendency for reduction of oxidised




(X103 7 0 ‘33em 1) sewseTd usbAxo/usboipAy 03 pasodxd I2WO3SeTD

~OONN,c\ﬂmwmz ‘1T 2dk3 peoanod umwriizdo ue 103F ea3zoads Qmm pue mHZ \mHO ~mHU *1{1°L 2anbtg

338

(A3) AO¥IN3 ONIONIS
Qmm m—.z m—O mro
6GL 18, £91 S8 £9L 691 WL €4L .. 9BE 86€ 007 Z07 707 6ZS LES EES GES LES 182 €87 S8Z L8Z 68T I6Z €6

v v

paAIaDal Sy

(seynuiw Gz ‘aWi} aJM) JBWOISDI3 00ZZ UASION
{LZ:0 ‘ML)



Table 7.11

1s’ Ols’ le’ SZp and

Zn3D bands in the ESCA spectra of as received optimum

cured type 1, Natsyn 2200, elastomer containing anti-
oxidant and hydrogen/oxygen plasmas treated Natsyn 2200
elastomer

The ratio of intensities of the C

(1 watt, 0.2 torr as indicated pressure)

Hydrogen plasma for 20 seconds, followed
' by oxygen plasma for 20 seconds

Cc C C c
1s 1s - 1s 1s
/Ols /SZp /le /Zn3p
As received 16 27 69 24
Plasma treated 1.9 2.9 10.2 18.4
Oxygen vlasma for 20 seconds, followed
by hydrogen plasma for 20 seconds
c C C C
1s 1s 1s 1s
/Ols /SZp /le /Zn3p
Plasma treated 2.0 7.7 9.7 16

organic sulphur, which distinguishes from the dinonyl trisulphide
under such treatments; and, therefore, it is probable that

the ablation of the dinonYl trisulphide surface may have been
responsible for the disappearance of sulphone functionality.

It is clearly evident from the data in Table 7.11 that the
levels of sulphur and nitrogen are much higher than for
elastomers studied previously in oxygen and hydrogen plasmas
alone. The sharp increase in sulphur level is either associated
with the diffusion of sulphur fromAthe bulk to the surface

or the tetrasulphide linkages on average are cleaved via free
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radical mechanism resulting in higher polysulphides; the

latter seems more probable in conjunction with the knowledge

of dinonyl trisulphide, subjected to similar éonditions.

The oxidised sulphur moiety gave a distinct peak of equal
intensity to the corresponding unoxidised sulphur, occurring

at binding energies of 168.5 (sulphonic acid) and 163.7 eV
respectively. The distribution of carbon-oxygen functionalities
is clearly evident from the spectra in Figure 7.11.

The dramatic rise in the level of nitrogen at the surface
of an elastomer, monitored without exposure to the atmosphere,
suggests that the antioxidant (a condensate of diphenyl amine
and acetone) has diffused from the bulk to the surface after
plasma treatments. (It has previously been stated that the
increase in level of nitrogen at the surface is either associated
with the diffusion of antioxidant from the bulk to the
surface, or incorporated from the atmosphere by a reaction of
nitrogen with the active sites on the surface of an elastomer
after bringing the whole vacuum system to an atmospheric
pressure for the transfer of the sample into the spectrometer.
The active sites are created by plasmas.) The nitrogen (le)
spectra are consistent with the distinct overiapping components
of amine and protonated amine appearing at binding energies of

v 399.0 and 402.0 eV respectively.

7.4 Conclusion

The ESCA data of models and elastomers, coupled with
hydrogen plasmas at both modest and substantially higher power

loadings, have highlighted the following



(1)

(ii)

(iii)

(iv)

The level of sulphur in L.cystine remains essentially
the same before and after hydrogen plasma‘
treatments, whereas the dinonyl trisulphide

indicated a loss of sulphur as H_S and the sub-

2
sequent reaction either ceased at thiols or the
thiols polymerised to give higher sulphides
depending upon the conditions.

The effect of hydrogenplasma on bis-n-propyl-y-
triethoxy tetrasulphide is so dramatic that it was
not possible to obtain the data beyond 10 seconds
éf treatment at a power loading of 1 watt and a
total pressure of 0.1 torr.

Type 1, Natsyn 2200, elastomer suggests a loss of
sulphur in the form of H,S.

2

The intensity ratios of Zn LBE are approx-

3p/82p
imately constant (2) at a modest power loading and
the increase of these ratios by a factor of two at
a substantially higher loading for the optimum
cured elastomer is associated with an increase of
zinc level with increasing depth into the sample
(i.e. as the surface is ablated).

Irrespective of the sequence of hydrogen/oxygen
plasma treatments in section 7.3.5, the surface of
dinonyl trisulphide and elastomer indicated an

increase of sulphur level, and the S peak for

2p
the optimum cured, Natsyn 2200 sample is oxidised
by 50% compared to the oxidation in oxygen plasma

alone (~ 30%), in chapter six.
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THERMAL OXIDATION OF NATSYN 2200 ELASTOMERS
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8.1 Introduction

.A very large body of knowledge on the thermal oxidation
of polymers has been accumulated in the last fifty years,
the motivation being the great technological importance of
rubbers.26o_283 The predominant emphasis in these studies
has been bulk analysis by the usual chemical and physical
methods, however, there has been little work on the surface
oxidation of elastomers.284 This has been mainly due to the
lack of a suitable analytical technique for analysing a very
thin surface layer in the range 10 - 508. ESCA offers the
possibility of undertaking such surface studies, although it
may be anticipated that the complexity of the materials might
lead to difficulties or ambiguities of interpretation. The
large volume of ESCA background information, which is now
available at Durham, however, on both carbon and sulphur
containing systems make an investigation of the changes in
surface chemistry, as a functioﬁ of thermal oxidation worth=
while at this time, if only from an empirical basis because
of the paucity of alternative data in the literature.

The general features of the bulk oxidation mechanism are
well documented,26o_288 and they have been developed primarily
frém work on model systems largely because of the difficulties
involved in analysing small amounts of chemical changes in
polymers; and, therefore, it is to this problem, the ESCA
work is addressed; to investigate the surface aspects of
'sulphur-vulcanised' systems. The choice of method used to

oxidise the sample surface is also of considerable importance.

For example, thermal oxidation by simply heating in air at

9



lOOOC, as has been used in this work, is not readily controlled
and generally causes oxidation into the bulk of the

235,252-254,28% ¢ 14¢ti0n techniques, for example

sample.
chromic acid etching,290 also suffer from similar difficulties
and, in addition, the loss of low molecularvweight fragments
cannot be discounted. The work here, complements that on
plasma oxidation in chapter six, where the- emphasis has been
on a consideration of plasma techniques for delineating cross-
link functionality.

Drastic changes in tensile strength, dielectric constént,
elongation, hardness and other properties_at an elevated
temperature can be caused by a few percent of oxygen

291-306 The essence of degradation is a change in

absorption.
structure, and bonding that may permeate the surface, sub-
surface, and bulk; inhomogeneities usually result in these
regions. Thermal oxidation, therefore, extends from the
surface into the bulk. However, the initial interaction of
oxXygen at 100°C with 'sulphur-vulcanised' polvisoprene, at
least as far as the surface regions are concerned, is
dominated by the production of peroxides resulting in a wide
range of free-radicals. Attempts at identification and
quantification of individual rate processes in the thermal
oxidation study have not been made; instead, attention has
been focussed on examining the broad outlines of the oxidative

degradation.

8.2 Experimental

8.2.1 Samples

Samples of an optimum cured type 1, Natsyn 2200, elastomer
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with and without antioxidant (size of 20 mm x 6 mm x 2.5 mm),
mounted on microscope slides, were heated_inlan oven at
100 + ZOC, as a function of time and, thenvwefe studied by
ESCA immediately after the heat processing.

Direct handling of the actual samples was avoided to
prevent contamination, which could conceivably give rise to
extraneous signals.

8.2.2 Instrumentétion

ESCA spectra were recorded on an AEI ESZ200B spectrometer,

using Mg radiation of energy 1253.7 eV and Au level
Kocl 2 4f

7
at 84 eV binding energy for calibration had é full wiéih at
half maximum (FWHM) of 1.15 eV, under the employed conditions.
The spectra were deconvoluted and integrated on a DuPont
(model 310) Curve Resolver, with binding energies being
referenced to the hydrocarbon component at 285.0 eV.

A B and T Unitemp Oven (model BS2648) with a forced air
ventilation rate of 3,000 litres per hour was used for
thermal oxidation of elastomers at 100 + 2°C. The radial
fan impeller at the base draws the air from various levels

over the heater elements and forces the hot air into the

chamber, thus minimising the thermal gradient.

8.3 Results and Discussion

8.3.1 Introduction

The main emphasis of this chapter, with the application of
ESCA, has been to study the surface oxidation of elastomers
and to investigate the efficiency of antioxidant. Samples of

an optimum cured type 1, Natsyn 2200, elastomer with and
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without antioxidant (a condensate of acetone and diphenyl
amine added'as a thermal antioxidant) were oxidised by
simply heating in air at 100 + 2%¢c.

In view of the complexities presented by the many
factors, such as the type, the degree of cure, presence of
non-rubber components, vulcanisation ingredients, antioxidants,
and by the behaviour of oxidation of polyisoprenes and
sulphides separately, it is convenient to ‘divide the
discussion into two parts, namel§ the chemistry of poly-
isoprenes and sulphides. The vital role of sulphides to act
as preventive antioxidant are also discussed along with the
added antioxidant.

The detailed‘chpositions of type 1, Natsyn 2200,
elastomers with and without antioxidant, és indicated in
chapter three, are identical.

8.3.2 An optimum cured type 1, Natsyn 2200, elastomer
in air at 1000C, as a function of time

1s” Ols’ N and S2p photoionisation

levels for the optimum cured type 1, Natsyn 2200, elastomer

Figure 8.1 shows the C

measured at an electron take~off angle of 30° after having
been heated in air at 100°C as a function of time, and the
corresponding results for both 30° and 70° take-off angles are
represented pictorially in Figures 8.2 - 8.6 (partial results
of a higher take-off angle are included, where appropriate).

A comparison of Figures 8.2 and 8.3 pertaining to
oxidative functionalities of carbon and sulphur respectively,
as a function of time, clearly demonstrates that the carbon-

carbon double bonds react with oxygen at a much faster rate
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Cls’ Ols' le and S2p spectra of an optimum

cured type 1, Natsyn 2200, elastomer versus time
of heat processing in air at 100°C.
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than the crosslinked sulphur (organic sulphur). This
observation also receives support from the complete immediate
absence of shéke—up phenomenon approximately 6.5 eV from

the main ClS photoionisation peak on thermal treatment in

Figure 8.1. The asymmetrical C peak (FWHM 1.7 eV compared

ls
with 1.5 eV of without additives) is asSociafed with C-0O,
C=0/0-C-0 and 0-C=0 oxidative functionalities at approximate
binding energies of 286.6 eV, 288 eV and 289.1 eV respectively,
and these features tend to attain a limiting value after
approximately four hours of exposure at 100°C. The direct
attack of oxygen at the double bond resulting in loss of

unsaturation compared with the formation of peroxide and chain

scissions occurring in the polyisoprene can be explained by

Grassie's scheme,3oo as follows:
Scheme 1
o 02
~CH=CH~ + 02 _ *v?H-CH —_—
©;
~CH, -CH :—gHiC—H:) 2~CH + ~CH-CH~
2 ] ]
Oy O © 92

The mechanism for éhain scission of polyisoprene is much_
more complicated than the attack of oxygen at the double bond.
Thermal oxidation of polyisoprene is always accompanied by
some scission and the formation of volatile products.z.73
The yield of volatile products is a direct measure of scission
in both raw and vulcanised rubber.,263’264

In oxidation of a mixture of rubber and non-rubber



350

components with different polymer units (RH and R'H etc.),
the amount of each which will react depends directly on their

relative stabilities and concentrations, provided that the

respective peroxy radicals (RO2 and R'Oz) are of the same

reactivity (in reactions (8.3, (8.5) and (8.6)) as outlined

in scheme 2 for uninhibited autoxidation. 275'285'286'301

Scheme 2
Initiation Step Proproduction of R® or ﬁo; radicals (8.1)
Propagation Step R° + o, — RO% (8.2)
RO, + RH ——> RO,H + R® (8.3)
2R® — (8.4)
Termination Step R + RO§ ———> ? non-chain carriers (8.5)
2RO§ —> (8.6)

According to the above scheme, the primary product of
autoxidation, hydroperoxide, is probably associated with
enhanced carbon-carbon bond fission in the back-bone of

. 302
polyisoprene,

thus indicating intimate connection with
autoxidation. The fall in hydroperoxide concentration can be
explained from another point of view that peroxy radicals
propagate the reaction chain solely by abstracting labile
hydrogen atoms. However, as this process decreases, another
mode of peroxy radical attack on the .double becomes possible.
In other words, both hydroperoxide and diperoxide formation
304

proceed consecutively in the same molecule. A molecule of

polyisoprene has four sites, which are vulnerable to attack by
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a peroxy radical; as is shown in scheme 3. The peroxy radicals
formed by combination with oxygen may react intramolecularly

by addition to an adjacent double bond to form a cyclic peroxide,

Scheme 3
i
— ’vCHZ—C=‘CH—CH-2
$H3 ° '
?H3 —%’VCHz—C=CH-CH“’
- - o
NCHZ-—C—CH CHZN + ROO" — (le3
S ~CH-C=CH-CH~
$H3 /CHjV
—9’VCH2—C-CHV
° N\
OOR

which would react with another molecule of oxygen to form a new

peroxy radical, as is illustrated in the following reaction

sequence:
Scheme 4
EH3 CHsy RO3
~CH,~C=CHCH,CH,C=CHCH, —
GH3 THy o,
~CH,~C=CHCHCH,,C=CHCH —=>
o 2 2
GH3 TH3
\~CH,C=CHCCHCH ,C=CHCH~ ——>
OO
?H3 .
[
GHy CHC( o,
~CH.,C=CHCH CHCH.~ —%3
2 \ / 2
0—0
CH
(30
CH CH.,-¢c~00
|3 2 N\ RH
~CH,C=CHCH CHCH.~ —2B s
N / 2
0—0
3o
CH CH..-C
ST Y 0
~CH_,C=CHCH CHCH.~ + R
\ / 2
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Several alternative structures for the formation of

cyclic perokidic intermediates have been postulated,267’269’304—306
and it is likely that more than one is involved. It has been
generally accepted that the actual scission involves
decomposition of tertiary alkoxy radicals;,dérived from
peroxy radicals of the type as is indicated in the scheme 4.

The type of cleavage believed to be involved to account for

the observed products is as follows:

Scheme 5
| T3
CHe=C-=0O .
CH 2
3 7( )( CH3 H
~CH-C=CH-CH /CH-CH’2" —_— CHZ-C=CH-—C=O +
040
O2
s
CHZ—?—«('ZH—COOH
Oy 05
) ICH3 H
CH2—C=O + O=C—CH2
0
J/ 2ch J,
[ 3
Oz—CHz—C=O HOOC—CH2

It is not yet clear, as to how carbonates are formed from the
oxidation of polyisoprene.

The chemistry of polyisoprene oxidation has been further
complicated by the addition of acetone/diphenylamine
condensate as a thermal antioxidant and 'the varieties of

sulphur functionalities occurring in a conventional sulphur
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accelerated type 1, Natsyn 2200, elastomer, namely mono-, di-
and‘polysulphides. It has been established in chapter three
that this optimum cured elastomer had on average a functionality
of four, indicating tetrasulphidic linkage between twb
polyisoprene molecules. This sulphide linkage occurs after
every approximately 100 monomer repeat unit. Since, the
relative reactivities of different sulphide'is in the order
di- < tri- < tetrasulphide on exposure to oxygen plasma in
chapter six (the literature indicates the feverse order of
relative reactivities in more conventional liquid phase
oxidation5307), it is, therefore, imperative to consider the
smaller linkages in details as tetrasulphide. The various
sulphide linkages are oxidised from reaction with hydro-
peroxides,308_313 as are formed in subsequent oxidative
treatments at 100°C.

An examination of S peaks and plots of S (oxidised)/

2p 2p

S2p (total) in Figures 8.1 and 8.3 respectively reveals the

oxidation of organic sulphides to a final product sulphate
with binding energy of approximately 168.8 evV. Although, an

attempt has not been made to decconvolute the S peak into

2p

sulphoxide components (v 166.5 eV), it was detectable in the

range O - 1.5% under the S envelope throughout the

2p
subsequent thermal treatments. Since sulphoxide is many times
more reactive than sulphone, it follows that sulphoxide formed
in the early stages of oxidation and present in a very small
concentration on the surface of an elastomer is an active
inhibitor.303"308 This fact clearly implies thét it is not

the sulphides, which show the inhibitory effect only after
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the very small amouht of oxygen absorption, but are one or
more oxygenated derivatives produced in the autoxidising
medium. These could be the sulphoxides or thiosulphinates

or a mixture of both, resulting from the reaction of
sulphides with hydroperoxides. The antioxidant activity
results from a rapid conversion of sulphoxides into sulphone
functionalities by interacting with hydroperoxides. The lost
peroxides are replenished from the oxidation of polyisoprene
at decreasing rate, as indicated by the gradual rise of

C, .—oxygen functionalities and a slow oxidation rate of S

1ls

levels in Figures 8.2 and 8.3 respectively. The dramatic

2p

fall of C-0O component in the very initial stage of oxidation
in the presence of added antioxidant in Figure 8.2 is
conceivably associated with the interferencé of propagating
cycle by the antioxidant. Although, the active sulphoxides
are effective in suppressing the autoxidation in concentration
much smaller than their respective parent sﬁlphides, their
“action is short lived as a result of instability at an
elevated temperature and, the further oxidation leads
ultimately to sulphonic acids through series of

intermediates,315 as are shown below:
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Scheme 6
CH
T3 3 |
~C=CHCHCH ~»C=CHCHCH5"
A 2 ROOH too
> =
ﬁv$=CHCHCH2~‘ J~C=CHCHCH2A“
CH3 CH3
sulphoxide
T3
—~C=CHCH CH~
Intramolecular é_o___é Thermal N
interaction - : i decomposition”
—~?=CHCH—CH2~J
CH3
CH, CH, SOH <2
'V'*C=CHCH=CH~’+--"C—CHCH—CH2’V

Sulphenic acid

CH CH

| 3 1 3
—~C=CHCHCH,,~ ~ C=CHCHCH .~
i 2 i 2
?:O O:?:O
ROOH ;
? or ROO’> ?
~“9=CHCHCH2“’ J~?=CHCHCH5V
CH3 CH3
Thiolsulphinate Thiolsulphonate
CH
P 3 T3
-C=CH?HCH2“‘ '-/‘C=CH(lJHCH2’v
O=?=O O=%=O
_ ROOH e
?—O —BE—§6§%> O—?—O
“‘?=CHCHCH5” “"?=CHCHCH2‘J
CH3 CH3
Sulphinyl sulphone a—-Disulphone
ROOH ?HB
——— 2~C=CHCHCH
803H

Sulphonic acid



350

The net result of decomposition of oxidised monosulphide
linkage is the loss of half the original crosslinks, the
monosuiphides being converted into disulphide bridges and
these are further oxygenated to give various derivatives.

The new thiolsulphinate crosslink formed from monosulphides
undergoes scission by a similar mechanism to that illustrated
for the monosulphide linkage in scheme 6, probably through

a free-radical disproportionation, is as follows:

Scheme 7
CHy TH3
f~C=CH?HCHjV -/~C=CHC'3HCI{2’v
?zo Disproportionation ?
> +
i ;
‘~?=CHCHCHjV uﬁ?=CHCHCH£”
CH3 CH3
THs.
~(C=CHCHCH_,~
| 2
O=?=O
S
}
vﬂ?=CHCHCHiV
CH3
T3 T3
"'C=CHCI3H—-—?H ~ ~~ C=CHCH=CH ~~
?=O"H Thermal . "
? decomposition ”
ﬁ«F=CHCH—CH2“’ v~$=CH—?H-CHiV
CH3 CH3 SSOH

Thiolsulphenic acid



357

Polysulphides, tetrasulphide linkages present in a very
large proportion, also oxidise in a similar manner as
disulphide in scheme 7 to give various interﬁediates before
the further oxidation leads ultimately to sulphonic acid.

The reaction processes believed to occur, are as follows:

Scheme 8
CH3 |
~ C=CH(IZHCH2~
CH 5=0
i3 |
~ C=CHCHCH ™~ S
& ROOH !
14 or Roé > i
~ C=CHCHCH ™~ S
1
CH3 ~C|I=CHCHCH2~
CH2
CH
[ 3 T3
C= land = ~S
~~C=CHCHCH ~C CH?HCHZ ‘s
?=0 SOH
S
’ 5
|
S (|3H3
fV$=CH&HCHj~ AJc=CHCHCH2
|
CH, 0=S=0
)
S
|
%
O=?=O
N?=CHCHCH2~
CH3
s
’VC=CH$H’~—$Hﬂo
0=S=0~--H
i $H3
S
I — 280, +-C=CH$HCH2
IS SO3H
0=8=0--H : '
,VC=CHéH_CHAH Sulphonic acid
|
CH

3
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The presence of sulphur dioxide in scheme 8 is susceptible

to further rapid oxidation to SO3 and H,SO, on reaction with

2774
hydroperoxides, which may exhibit as an effective anti-
oxidant,3l3’314 or the 502 may be lost from the surface. The
fact that the plot of Cls intensity ratios in Figure §.4 did
/S
2p

not provide an evidence for the loss of sulphur from the
surface; instead, an increase of sulphur is observed with
increasing oxidation time, suggesting that the sulphur from the

bulk has diffused to the surface. The deviations in Cls
. /S2p
intensity ratios in the presence and absence of antioxidant

are attributed to different surface composition of each fresh

sample taken for an investigation.

O

30

with Antioxidant

Sopl6

12 \ without Antioxidant
/ﬁ— 3¢

8__

L . ] | I L 1 ] |

0 2 b 6 8 10 12 14 16

Time (hours )
Figure 8.4. Cls as a function of thermal oxidation time

p

for an optimum cured type 1, Natsyn 2200, elastomer
in air at lOOOC.
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The sulphenic (RSOH), sulphinic (RSO2 ), sulphonic (RSO3H),
thiosulphoxylic (RSSOH) and thiosulphur (RSSO3H) acids formed
from various types of sulphide linkages react‘with hvdro-
peroxides to give non-radical products. The sulphnk;cross—
links, together with the pendent and cyclié groups containing
sulphur, are thus a reservoir of potential oxidised sulphur
compounds, which mainly function as preventive and to a lesser
320,321

extent as chain-breaking antioxidants.

The plot of S (oxidised)/ as-a function of time

2p SZD (total)

in Figure 8.3 reveals the quite distinctive features of organic
Sulphides that £here is a certain time lag before the oxidation
of sulphides proceeds autocatalytically and this soon slackens
and, the autoretardation becomes progressively more severe asl
most of the hydroperoxides are consumed by reacting with organic
sulphides after a very short period of oxidation. The
differences in relative rates of oxidation of sulphides at
take~off angles of 30° and 70° are most likely due to the
availability of oxidising species {(the concentration of
peroxides is greater at 70° take-off angle as a consegquence of
greater availability of oxygen in contact with the atmosphere)

298 It has been suggestéd

rather than to the diffusion process.
that the diffusion phenomenon is negligible in the range < 508
of the ESCA profile depth. The inhibition period dehands
further study at a much lower temperature for its wvalidity,
which the time lag, if it is true, would prolong. However,
the evidence of Figure 8.3 with the absence of antioxidant

indicates a longer time lag than for systems containing added

antioxidant.
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It has been ShOWn3lO'316,3l7

that the presence of zinc
mercaptobenzthiazole and its hydrate as in the type 1,

Natsyn 2200, elastomer give a very good ageing resistance.

The mechanism of the antioxidant of zinc compiex has been
inveétigated318 and has been shown to involve the formation of
the stable zinc benzthiazole sulphinate, which acts as a
reservoir for sulphur trioxide and hence H2804 for an effective
non-radical decomposition of hydroperoxides,314 as is

jillustrated in scheme 9.

N Scheme 9
- N
>\c—s —zn _ROOH Zn
~Ng -
42 2
Zinc mercaptobenzthiazole Zinc benzthiazole sulphinate

ROOH

CH + SO3 + ZnSO4

A condensate of acetone/diphenylamine added as a thermal
antioxidant from the industrial point of view to prevent, or at
least to retard the deterioration of physical properties has
a substantial effect on the rate of oxidation and on the
induction period of organic sulphides, as are evidenced in
Figure 8.3. The relative rate of oxidation‘after autoxidation
period (4 hours) is approximately three-fold higher than in
the absence of antioxidant, suggesting that the added anti-

oxidant interrupted the propagation cycle by reacting with
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either R or Rog free-radicals. The chain breaking antioxidant,
thus, retarded the oxidation, as is shown in Figure 8.5. The
mechanism is believed to involve the abstraction of a hydrogen

from the aromatic ring resulting in formation of radical ion

on the aromatic ring, which, in turn, is stabilised

R R R R R R
\N / \+/
) !
7 RO, Z
— s |
AN R X\ R
0]
» Various products
(A structure,
1
of acetone/diphenyl amine condensate has been supported by
the ESCA investigation described in chapter three.)
The effect on the Cls (total) is less pronounced as a
/04
s
‘result of oxygen contribution made from antioxidant (a
condensate of acetone/diphenyl amine) to the totél 0 signal

1s

and this contribution increased with increasing oxidation time,

as is evidenced indirectly by the increase of N signal in

1s
s signal implies that the

1
antioxidant has diffused from the bulk to the surface.322

Figure 8.6. The increase of a N

The high level of antioxidant at the surface, is, therefore,
responsible for the retarded autoxidation, as is indicated by

C-H component in Figure 8.2. The increase in level of anti-
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for an optimum cured type 1, Natsyn 2200, elastomer
in air at 100°cC,

Figure 8.5,
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Figure 8.6. Cls/le as a function of thermal oxidation time for

an optimum cured type 1, Natsyn 2200, elastomer
containing antioxidant in air at 100°C.
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oxidant at the surface is probably associétedeith the renewal
of the surface layer, depleted by erosion, eté. or with the
restructuring of the partially degraded rubber network.
However, the compounds as antioxidant are frequently capable
of reacting in more than one way, including prooxidant effects
in addition to the desired antioxidant actioﬁ. The following
reaction sequence includes four ways, in whiéh, antioxidants
may participate in the mechanism of retarded thermal

autoxodation:279r3ll,3l9

Scheme 10

(i) Prevention of peroxide initiation by decomposing hydro-
peroxides to form stable products réther than free
radicals (preventive antioxidant being oxidised products
of organic sulphides in type 1, Natsyn 2200_elastomer).

(ii) Initiation by direct attack of oxygen on the antioxidant
to produce chain-initiating radicals.

(iii) Chain transfer with the antioxidant, in which the
radical derived from the antioxidant reacts in some
waybto reform a propagating free radical.

(iv) Termination by hydrogen donation to Rda as in the first
step of chain transfer, followed by reactions of the

antioxidant radical with a second RO thus terminating

2!
two kinetic chains per molecule of antioxidant

consumed.



ROOH + AH —>

Peroxide Destruction: (8.7)
(preventive antioxidant) nonradical products
Initiation: (peroxide decomposition) nROOH —~>Rd7, ROE, (8.8)
O2 (attack on antioxidant) AH + O2 —y A + HOE (8.9)
Propagation: (same as unhibited) ROE + RH —> ROOH + R (8.10)
R + 027 —2 RO, (8.11)
Chain Transfer: (with antioxidant) ROE + AH -— ROOH + A (8.12)
Termination: (by antioxidant) é +IRH-9>A02H + Rdz (8.13)
RO, + AH —> ROOH + A’ (8.14)
AC, + A —» RO,A (8.15)
20 —> A-A (8.16)
(as in uninhibited) 2ROZ —>» nonradical (8.6)
“products + 02
RJ, + R —» RO,R (8.5)
2R —» R-H (8.4)

The mechanism of retarded autoxidaﬁion of elastomers in
the presence 6f antioxidants thus includes the same fundamental
‘free radical reaction as uninhibited autoxidation in scheme 2.
However, the initiation, propagation, and termination processes
are altered by reactions with the antioxidant.

It is clearly evident that the addition of antioxidant
into the Natsyn 2200 formulation results in a shorter
inhibition period for the oxidation of organic sulphide than
in the absence of antioxidant; which, in turn, implies that
the earlier the sulphides are oxidised, better is the ageing

of the elastomer. The oxidised products of organic sulphide
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act as nonradical decomposure of hydroperoxides.3l4

It has already been seen in chapter six that plasma
oxidation, ﬁnlike thermal oxidation, was unaffected by the
antioxidant and, the elastomer with and without antioxidant
showed the same extent of oxidation immediately after oxygen.
plasma treatment. Thermal and plasma treatments differ in
the initial steps of oxidation processes. The initial steps
for thermal oxidation in (8.1), (8.8) and (8.9) are driven by
the thermal energy and proceed on a time scale of hours;
whereés, the initial steps for the oxygen plasma in scheme 11
involve the dissociation of bonds by inelastic collisions of
high energy species with the polymer surface'and, at a greater
depth, dissociation is from absorption-of UV radiation.

Once the oxidation has initiated, the ensuing reactions are

Scheme 11
/
l-——=> R° + R"O’
RH + O | (8.17)
3 R + OH
RH + 200 —> R+ H + 0, | (8.18)
RH —> R + H° ' (8.19)

similar for both plasma and thermal oxidation. The production
of free radicals in thermal oxidation is a chain process but
being very slow. The polymer free radicals, after initiation,
are generated through the oxidation process itself. The
antioxidant terminates the reaction through a series of

steps, as indicated in (8.13) - (8.16) of scheme 1l0.
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In plasma oxidation, the antioxidant still terminates
the oxidation chain reactions but, does not.decrease the
oxidation rate. The polymer free radicals génerated by
(8.17), (8.18) and (8.19) steps differentiate from the

thermal oxidation.

8.4 Conclusion

An optimum cured type 1, Natsyn 2200, elastomer in the
presence and absence of antioxidant (a condensate of acetone/
diphenylamine} studied with the application of ESCA after

heat processing in air at 100°C has highlighted the following

points:
(i) The carbon-carbon double bonds of polyisoprene
are very rapidly oxidised, as is evidenced by the
immediate complete'loss of shake~-up phenomenon,
approximately 6.5 eV from the main ClS photoionisétion
peak.
(ii) There is very rapid build up of hydroperoxide

concentration at the surface in the first few
minutes of thermal treatments and this resulted in
oxidation of organic sulphides.

(iii) The oxidation of organic sulphides revealed a
certain time lag before the oxidation could proceed.
The presence and absence of antioxidant gave
inhibition period of approximately half an hour
and one and a half hours respectively.

(iv) The products of oxidised organic sulphides, but not

their parent sulphides, have been found to be an
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effective antioxidant in conjunction with the

added thermal antioxidant. The behaviour of
oxidised organic sulphides is attributed to the
catalytic decomposition of hydroperoxides.

The thermal antioxidant and the oxidised organic
sulphides, thus, indicated the dual characteristics

in protecting from deterioration of a sample.



CHAPTER NINE

STRUCTURAL CHARACTERISATION

OF VULCANISATES
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9,1 Introduction

As has already been stated in chapter one, the most
important aspect of current interests in the chemistry of
vulcanisation is the problém of‘determining the structure of
rubber vulcanisates and, hence, the relative proportions of
different types of crosslinks. The thermal and mechanical
properties of vulcanised rubbers are strongly dependent on thé

2,45,295,297 g direct methods

different types of crosslinks.
for estimation of the structural properties of vulcanisates
include measurements of physical propertiesg6 such as
swelling,64 creep369 and stress~strain relaxation.4o’41
Specific degradation with chemical reagents (so-called chemical
probes), which react and break crosslinks of particular types,
are employed in combination with the stress-strain

' 64,95
measurements

for determining the relative proportions of
different types of crosslinks. The physical.assessment before
and after treatment with reagents, therefore, allows the
estimation of different types of crosslinks. Despite the
existing methods, there is still a demand for improving the
procedures to determine the types and distribution of sulphidic
bridges, especially in filled vulcanisates.96
The approach to characterisation of a vulcanisate network
in terms of the relative proportions of the different types of
chemical crosslinks, in this chapter, is based on treatment
with a solution of propane-2-thiol (0.4M) and piperidine
(0.4M) in heptane to cleave the polysulphide linkages only,

leaving di~ and monosulphide crosslinks intact in the sulphur

vulcanisate. The treatment involves an exposure time of two
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hours at room temperature and the use of a second solution of
n-hexanethiol (1.0M) in piperidine - which cleaves both di-
and polysulphide bridges, leaving only monosulphides

91,95 The treatment of 'sulphur-vulcanised' elastomers

intact.
with a solution of propane-~2-thiol and piperidine in heptane
assumes that the pol?sulphides are orders df magnituae more
reactive than disulphides and, the concentration of disulphides
remains essentially the same, under the conditions employed.
The use of this reagent in conjunction with the other

solution and the difference in chemical reactivity allow mono-,
di-, and polysulphides to be determined in this way at least
for the bulk.

It is anticipated that,in the treatment of vulcanisates
with solutions, the mobility of surface functional groups370
~and the high sensitivity of ESCA may seriously affect the

interpretation of the surface chemistry df'the treated
elastomers. Nevertheless, it is worthwhile considering the

ESCA examination of the elastomers treated in solutions for

comparison with bulk studies reported in the literature.

9.2 Experimental

(i) Natural rubber vulcanisates of two formulations,
with sulphur/N-cyclohexylbenzthiazyl sulphenamide
(CBS) and tetramethylthiuram disulphide (TMTD),
respgctively, have been analysed by ESCA, as a
function of cure time. |

(ii) The formulations of the samples, all cured on a

calendering system at 150°C in air, with a 2 mm
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nip setting to draw into sheets, as a function of
time are shown in Table 9.1. The samples were

received in paper envelopes and stored in the dark.
Table 9.1

Natsyn 2200 Sample Formulations

1 2
weight moles weight moles
(%) (%) (%) (%)
Natsyn 2200 90 90.3 89.3 94.3
(cis-polyisoprene) -
Zinc oxide 4,54 4.1 4.44 3.91
Stearic acid 2,72 0.69 2.72 0.72
CBS 0.54 0.14 - -
Sulphur 2.2 4.8 - -
TMTD - - 3.53 1.08

Cure time (minutes) at 150°C

Type 1 14 16 20 25

Type 2 5 10 15 25

(iii) The effects of propane-2-thiol and piperidine
solvents &lone on the particular §ulcanisate have
been investigated as a function of reaction time,
-before carrying out specific clea&age of sulphide
crosslinks with the solution of the thiol-amine
reagent.

(iv) The type 1 and type 2 vulcanisates were treated

with a solution of propane-2-thiol (0.4M) and
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piperidine (0.4M) in heptane for'& 3 hours to

cleave the polysulphide crosslihks and a solution

of n-hexanethiol (1.0M) in piperidine for ~ 15

hours to break both polysulphide'and disulphide
crosslinks.

For a given cure time, separate spécimens from the
same vulcanisate sheet were used for the
determination of (a) total chemical crosslink
density, (b) chemical crosslink density after
treatment with propane-Z-thiol‘(O.4M) and piperidine
(0.4M) in n-heptane solution, and (c) chemical
crosslink density after treatment with n-hexanethiol
(1.0M) in piperidine solution. The concentration

of monosulphides is obtainable directly from (C)
after hexanethiol treatment, on the assumption that
the 82p signal was only from the sulphide cross-
links and the thiols did not react with the rubber
network. The concentration of disulphide crosslinks
is attributed to the difference of (b) and (c)
treatments and the concentration of polysulphide
crosslinks is related to the difference of (a) and
(b) (total chemical crosslink density minus chemical
crosslink density after treatment with propane-2-
thiol reagent).

In all cases, the samples have been treated at room

temperature. The samples were cut to an appropriate

‘size (20 mm x 6 mm x 2.5 mm), with a pair of

scissors, for mounting onto the spectrometer probe

tip.
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The rubber sample and reagent solution (or pure
solvent) were placed in separate limbs of an
apparatus (Figure 9.1) consistiﬁg‘of two glass tubes
connected near their upper ends by a short trans;

verse tube. The solution was degassed in one limb

Vacuum

Vacuum valve

\

N

Schematic representation of an apparatus, used
for specific degradation of sulphide crosslinks
at room temperature. -

and the rubber in the other limb, the apparatus
sealed in vacuum and the solution then transferred
onto the sample in the dark, through the trans-
verse tube. This was achieved by tilting the

solution tube by 90°. The whole apparatus was left
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in the dark, with the sample lying horizontal in
the solution (40 cm3 of reageng solution per gram
of rubber) to avoid mechanical distortion. This
is particularly important during chemical treatment
and subsequent extraction and/or sdlvent removal.
After a standard reaction time (section 9.3;2),
the sample was removed from the reagent solution
in the dark, and quickly dried to constant weight
in vacuum (v 10~°> torr) at room temperature, before
obtaining the ESCA spectra.

(vi) The ESCA examinations have been carried out on an
AEI ES200B spectrometer using MgKa radiation and

1,2

Au level at 84 eV binding energy for calibration

4f7/2
purposes had a FWHM of ~ 1.2 eV. The spectra were
resolved and integrated with a DuPont curve
resolver.

(vii) The high binding energy components under the S2p

envelopes after deconvolution are attributed to

the organic sulphur (i.e. mono-, di- and poly-

sulphides, and also S8) and the low binding energy

components to inorganic sulphur (zinc sulphide).

9.3 Results and Discussion

9.3.1 Introduction

The treatment of elastomers with thiol solutions is based
on nucleophilic displacement reactions by alkanethiols on
sulphur atoms of poly- and disulphides to give cleavage of

sulphur-sulphur bonds, as depicted in scheme 1. The relative
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Scheme 1
R—?:I}?fgx—S-R‘ ——>» R-S-R' + HS—SX-R'
H R'
R—S;?7SIZ—R' ——> R-5-S5-R' + HS-R'
iR

R-3: R'-S-R —¥> R-S-R' + R'SH
H

rates of the three displacement reactions depend on the
selectivity of the nucleophiles. The reaction with poly-
sulphides (x » 3) is a more rapid process than with disulphides
occurring quantitatively within two hours,96 and the
corresponding disulphides react at least 1000 times moré slowly
and are essentially unaffected in the time required for the
complete decomposition of polysulphides. The carbon-sulphur
linkage in monosulphides is highly resistant to such
nucleophilic displacement.

The reaction with polysulphides becomes extremely fast in
a more polar solvent énd the reaction with disulphide is
sufficientiy fast to be experimentally useful. Such marked
increase in reaction rate has been reported to be achieved by
using a solution of n-hexanethiol (1.0M) in piperidine for
combined di- and polysulphide cleavage instead of a solution
of propane-2-thiol (b.4M) and piperidine (O.éM) in heptane,
which the latter cleaves polysulphides only, leaving di-, and
monosulphides intact.96 These reagents are widely used in

this chapter for the treatment of 'sulphur-vulcanised' networks.
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9.3.2 Effect of reagents on elastomers

(a) Introduction

The main emphasis in this preliminary wdrk has been to
investigate the effect of solvents and solutions on the
particular type of vulcanisate, as a function of reaction
time to provide a basis for the interpretation of the ESCA
data. It is anticipated that the mobility of surface
functional groups, the incorporation of thiol-amine reagent
into the rubber network, and the high surface sensitivity of
ESCA may lead to unambiguous interpretation of vuléanisates
after treatment with propane-2-thiol and piperidine in n-
heptane and hexanethiol in piperidine for cleavage Qf poly-
sulphides only and for combined cleavage ofvdi— and poly-
sulphides respectively.

The ESCA investigation of as received elastomers (chapters
three, four and five) highlighted the complex nature of the
elastomer surfaces and their dependence on the initial bulk
formulation and sample history. The reactions of elasﬁomers
with plasma treatment are also by no means straightforﬁard;
nevertheless, it is, wortﬁwhile, now considering the ESCA
examination of elastomers treated with chemical reagents.

(b) Type 1, Natsyn 2200, elastomer in piperidine

The core level spectra at an electron take-off angie of
30° for the type 1, Natsyn 2200, elastomer (curedvfor 14
minutes) treated with piperidine as a function of time are
presented in Figure 9.2 and the relevant intensity ratios
are set out in Table 9.2.

The data clearly indicate that piperidine has no effect
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Table 9.2

Type 1, Natsyn 2200, elastomer (cured for 14 minutes)
treated with piperidine at room temperature

Intensity ratios

Reaction C C C C C HBE
time ls/olS ls/NlS ls/s2 lS/Zn3p ls/s2p
{hours) p
As 0 10.0 - 17 . 26 30
received
0.5 9.0 25 17 17 30
4 9.0 16 14 23 25

on the level of sulphur, whilst the level of nitrogen increases
with reaction time and, this is most likely associated with
the formation of complexes between sulphur and piperidine
under the employed conditions. Analogous behaviour of this
genre is the action of piperidine at room temperature on
dialkyl tetrasulphide in removing a considerable proportion of
the polysulphidic sulphur in the form of complex, the
tetrasulphide being largely converted into disulphide. It is,
therefore, conceivable that the removed sulphur from the
polysulphide bridge is retained in the surface region such
that the level of sulphur remains essentially unaffected.

A very slight increase in oxygen level (arising from
trapped air bubbles) is associated with the development of
various carbon-oxygen, and sulphur-oxygn functionalities, as
are evidenced from the spectra in Figure 9.2.

The nitrogen peaks indicate the presence of at least two
components, namely protonated %mine at v 402 eV and amine at

1
v 399.0 eV. The C-0, C=0 and C=0 functionalities are evident
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at c,, binding energies of 286.1 eV, 288.0 eV and 289.2 eV

respectively. A broad develogment of a 82p peak in the region

Il »
~v 168.0 eV is indicative of —ﬁ— sulphone structure.

0
(c) Type 1, Natsyn 2200, elastomer in propane-2-thiol

The data in Table 9.3, pertaining to Figure 9.3, for the
type 1, Natsyn 2200, elastomer cured for 14 minutes, reveal
a substantial amount of loss of organic suiphur on treatment
with propane-2-thiol at room temperature,‘as is evidenced by
the C HBE intensity ratios.

1s
/S2p

Table 9.3

Type 1, Natsyn 2200, elastomer (cured for 14 minutes)
treated with propane-2-thiol at room temperature

Intensity ratios

iiggtion Cls/o Cls/N Cls/s' ClS/Zn Cls/S HBE
(hours) 1s 1ls 2p 3p 2p
As received 0] 10.0 - 17 26 30
0.5 8 53 19 17 47
4 9 85 22 13 60

The overall loss of sulphur from the sulphide linkages

may be summarised, as follows:
Scheme 2

RSH + R'SSR' ;:::ﬁ RSSR' + R'SH

RSH + RSSR' T——= RSSR + R'SH

e )

RSH + R'SSXSR' «—— RSSR' + HSXSR'

(2x-1)RSH + HSXSR' ——= RSSR' + HZS + (x-1)RSSR

RSH + RSSR' ——— RSR + R'SH
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The requirement of a satisfactory chemical reagent for
selective cleavage of sulphide crosslinks in vulcanisate has

been described by Saville and Watson.96

It can be concluded
from the known relative reactivities of polysulphides and
disulphides towards propane-2-thiol ahd piperidine in n-heptane
solution that the reaction conditions, whichvresult in the
cleavage of disulphide crosslinks at an experimentally useful
rate, will also cause extremely rapid cleavage of polysulphides
under the same conditions. |
The nitrogen signal arises as contaminant'and is broadened
by the presence of amine and protonated amine functionalities
at binding energies &~ 399.0 eV and ~ 402 eV respectively. The
air bubbles, trapped during the curing process on a calendering
system at 150°¢C in air, are conceivably involved in oxidative
functionalisation, as is evidenced by the high energy tail of
C envelope and by the development of a broad band at ~

1ls

168.0 eV in the S2p regions.

(d) Type 1, Natsyn 2200, elastomer, in a solution of propane-
2-thiol (0.4M) and piperidine (0.4M) in heptane, as a
function of time

On the basis of preliminéry examination for the reactions
between organic sulphides in vulcanisates and piperidine and
propan-2-~-thiol solvents, a reaction of vulcanisates with a
solution of propane-2-thiol (0.4M) and pipefidine (0.4M) in
heptane has been chosen for further study, as a function of
reaction time. The data in Figure 9.5, pertaining to the
raw spectra in Figure 9.4, illustrate the effect of the thiol-
amine reagent on the type 1, Natsyn 2200, elastomer (cured

for 14 minutes on a calendering system at 150°C in air).
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TYPE 1, NATSYN 2200, ELASTOMER/THIOL-AMINE

Figure 9.4.
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versus time of treatment with a solution of
propane-2-thiol (0.4M) and piperidine (O.4M)
in heptane.




Figure 9.5a.
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The C intensity ratio passes through a maximum
/S2p

before the level of sulphur increases with the reaction time

1s

and, an equilibrium between the organic sulphides in
vulcanisates and thiols is finally established after reaction
time of two hours at room temperatufe. The rate of sulphur
loss from the surface is very fast in the initial stages of
reaction time (< 30 minutes), as far as the ESCA depth
profile is concerned into the sample. The level of nitrogen
in the surface region also increases with reaction time and
levels after two hdurs. The existence of an equilibridm of
the rubber network with thiocl-amine reagent in n-heptane is
not of experimental significance for determining the relative
proportions of mono-, di- and polysulphides; because rubber-
bound thiol groups are formed during the tfeétment, as is

evident by the decrease of C

1s intensity>ratios after

/S2p
reaction time of 30 minutes. The increase in 8 level 1is

2p
conceivably brought about by the addition of thiols to the
double bonds of rubber chains, which, in the presence of
oxygen (oxygen is from air bubbles trapped during processing
of elastomers on a calendering system) could.lead to disulphide
crosslinks.

The background information, in the literature, pertaining
to the bulk, indicates that the addition of alkanethiols to
natural rubbér is a slow process,371 even in the presence of
peroxide catalyst or UV light, and isomerisation of NR by
alkanethiols does not occur in the absence of free radical

catalysts, but, as far as the ESCA depth profile is concerned

into the sample, the effect of thiols addition to NR is



3%4

substantially significant and is possibly much more enhanced
by the mobility of sulphur groups. The cleavage reaction by
the thiol-amine reagent in n-heptane, occurring in the very
initial stage of treatment, may be best understood by

considering the trisulphide in scheme 3.

Scheme 3
) /CHZ_CHz\
3 Pr SH---HN CH2 + RSSSR —
: /
CH2--CH2
. ' . /CHZ—CH2\
i i i -+
Pr SSPr~ + RSSPr~ + RSH + HS H2 N ‘/CHZ
N
CHZ—CH2

Prlziso—propyl

The thiol-amine combination is thought to yield an
associate, piperidinium propane-2-thiol ion pair, in which
the nucleophilicity of the sulphur atom has been enhanced,
and this is capable of cleaving organic polysulphides within
reaction time of 30 minutes (Figure 9.5), while reacting one
thousand-fold more slowly with the corresponding disulphides.

A plot of ClS intensity ratios as a function of reaction

/Ols

time in Figure 9.5b reveals the same trend as for the Cls

/S

that the level of oxygen increases with increasing reaction

2p

time and, this is associated with the oxidation of organic
sulphides and polyisoprene chains, as is evidenced by the
development of oxidative functionalisation under the high

binding energy tail of the C s envelope and by the appearance

1

of a broad band at binding energy ~ 168 in the S regions.

2p
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Cluff and Gladding have reported372 that the oxidation of rubber-

bound thiols in polyurethane elastomers by atmospheric oxygen
is involved in reformation of disulphide crosslinks. However,
oxidative degradation of rubber networks was impossible to
avoid in this part of the study since the elastomer had a large
number of voids. The air bubbles were trapped during curihg
process on a calendering system at 150°C in air. Despité the
degassing of elastomers and thiol-amine reagent at a pressure
of n 10—3 torr and also of carrying out the treatments in
vacuum did not obviate the oxidation degradation of the type 1,
Natsyn 2200, elastomer at room temperature.

It is clear from the preceding discussion that the
incorporation of sulphur from the thiol-amine reagent and of
oxygen in the surface region have additionally complicated the
ESCA examination of solution treated elastomers; and, therefore,
it is not possible, with the application of ESCA, to determine
the relative proportion of different sulphides in the surface
regions, using thiol-amine reagent.

9.3.3 ESCA data of as received elastomers as a function
of cure time

The review in chapter one highlights the  fact that the
sulphur is bound in vulcanised rubbers as different types of
sulphide crosslinks and also as cyclic sulphides which do not
participate in crosslinking polymer chains. The two 'sulphur-
vulcanised' systems are taken to represent materials with
different composition of sulphide crosslinks.

The ESCA data of as received elastomers, as a function of

cure time, are shown in Figures 9.6 and 9.7. It is clearly
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evident that both types of vulcanisates (with sulphur/cyclo-
hexylbenzthiazyl sulphenamide and tetramethylthiuram disulphide
respectively) reveal the same trend that the distribution
of sulphur in the total sulphide crosslinks passes through a
maximum with the cure time. (The samples were cured on a
calendering system at 150°¢C in air, with a 2 mm nip setting
to draw into sheets).

The competing nature of two opposing reactions is also

evident from the shapes of the C intensity ratio curves

1s
/S2p .

in Figures 9.6 and 9.7. The ESCA results appear complex but
may be rationalised on the assumption that the opposing
factors determine the course of the polysulphide concentration

in the system. The shape of the C curves also support

sy,

the prevalent concept of maximum polysulphide formation in
thevearlier stage of curing reaction and these polysulphide
crosslinks are subsequently desulphurised to more stable
structures on prolonged curing time, which contain less

sulphur per crosslink, and also into cyclic sulphides which

do not contribute to crosslinks.

9.4 Conclusion

It is clear that the ESCA results have been additionally
complicated by the incorporation of thiol and amine into the
elastomers, and it is not possible, with the application of ESCA,
to determine the relative proportion of different sulphides

in the surface regions, using thiol-amine reagents.

~
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APPENDIX 1

Lectures and Seminars Attended During the Period 1980-1983

7 October 1980

Professor T. Fehlner (University of Notre-Dame, U.S.A.),
"Metalloborane Cages or Coordination Compounds?".

16 October 1980

Dr. D. Maas (University of Salford),
"Reactions a Go-Go".

30 October 1980

Professor N. Grassie (University of Glasgow),
"Inflammability Hazards in Commercial Polymers".

6 November 1980

Professor A.G. Sykes (University of Newcastle upon Tyne),
. "'Metallo-Proteins: An Inorganic Chemists' Approach”. .

12 November 1980

Dr. M. Gerloch (University of Cambridge),
"Magnetochemistry is about Chemistry".

13 November 1980

Professor N.N. Greenwood (University of Leeds),
"Metalloborane Chemistry".

19 November 1980

Dr. T. Gilchrist (University of Liverpool),
"Nitroso-olefins as Synthetic Intermediates”.

4 December 1980

Reverend R. Lancaster,

"Fireworks".
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December 1980

29

Dr. R. Evens (University of Brisbane, Australia),
"Some Recent Communications to the Editor of the
i

Australian Journal of Failed Chemistry".

January 1981

18

Mr. H. Maclean (I.C.I. Ltd.),
"Managing in the Chemical Industry in the 1980s".

February 1981

" 25

Professor S. Kettle (University of East Anglia),

"Variations in the Molecular Dance at the Crystal Ball".

February 1981

Dr. K. Bowden (University of Essex),

"The Transmission of Polar Effects of Substituents".
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17 March 1981
Professor W. Jencks (Brandeis University, Massachusetts),
"When is an Intermediate not an Intermediate?".

7 May 1981

Professor M. Gordon (University of Essex),

"Do Scientists have to Count?".

10 June 1981

21

Dr. J. Rose (I.C.I. Plastics},
"New Engineering Plastics".

September 1981

14

Dr. P. Plimmer (Dupont),
"From Conception to Commercialisation of a Polymer".

October 1981

Professor E. Kluk (University of Katawice),
"Some Aspects of the Study of Molecular Dynamics -

Simple Molecular Liquids".
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22 October 1981

Dr. P.J. Corish (Dunlop. Ltd.),
"What would life be like without Rubber" .

6 November 1981

Dr. W. Moddeman (Monsanto Ltd., U.S.A.),
"High Energy Materials".

12 November 1981

Professor A.I. Scott (University of Edinburgh),
"An Organic Chemist"s View of Life in the N.M.R. Tube".

26 November 1981

Dr. W.0. Ord (Northumbrian Water Authority),
"The Role of the Scientist in a Regional Water Authority".

2 December 1981

Dr. G. Beamson (University of Durham),
"Photoelectron Spectroscopy in a Strong Magnetic Field".

20 January 1982

Dr. M.R. Bryce (University of Durham),
"Organic Metals".

28 January 1982

Professor I. Fells (University of Newcastle upon Tyne),
"Balancing the Energy Equations”.

- 3 February 1982

Dr. D. Parker (University of Durham),
"Modern Methods for the Determination of Enantiomeric
Purity".

10 February 1982

Dr. D. Pethrick (University of Strathclyde),

"Conformational Dynamics of Small and Large Molecules".
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February 1982

Professor D.T. Clark (University of Durham),
"Structure, Bonding, Reactivity and Synthesis of

Surfaces as revealed by ESCA".

3 March 1982

Dr. P. Bamfield (I.C.I. Organics Division),

"Computer Aided Synthesis Design: A View from Industry".

19 May 1982
Professor R.D. Chambers (University of Durham),
"Fluorocarbanions - some 'Alice in the Looking Glass'
Chemistry".
28 June 1982
Professor D.J. Burton (University of Iowa),
"Some Aspects of the Chemistry of Fluorinated Phosphonium
Salts and Phosphonates". |
13 September 1982

27

Professor R. Neidlein (University of Heidelberg),
"New Aspects and Results of Bridged Annulene Chemistry".

September 1982

13

Dr. W.K. Ford (Xerox Research Centre, Webster, New York),
"The Dependence of the Electronic Structures of Polymers
on their Molecular Architecture".

October 1982

28

Dr. W.J. Feast (University of Durham),
"Approaches to the Synthesis of Conjugated Polymers".

October 1982

Professor M.F. Lappert, F.R.S. (University of Sussex),

"Approaches to Asymmetric Synthesis and Catalysis Using

Electron-Rich Olefins and Some of Their Metal Complexes".
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15 November 1982

Dr. G. Bertrand (University of Toulouse),
"Curtius Rearrangement in Organometallic Series: A Route
for New Hybridised Species”.

24 November 1982

Professor G.G. Roberts (University of Durham),
"Langmuir-Blodgett Films".

24 November 1982

Professor F.R. Hartley (R.M.C.S. Shrivenham),
"Supported Metal Complex Hydroformylation Catalysts:
A Novel Approach Using y-radiation".

2 December 1982

Dr. G.M. Brooke (University of Durham),

"The Fate of the Ortho-Fluorine in 3,3-Sigmatropic
Reactions Involving Polyfluoro-aryl- and -~heteroaryl
Systems".

9 February 1983

Dr. P. Moore (University of Warwick),
"Mechanistic Studies in Solution by Stopped Flow
F.T. NMR and High Pressure NMR Line Broadening".

2 March 1983

Dr. D. Bloor (Queen Mary College, University of London),
"The Solid-State Chemistry of Diacetylene Monomers and
Polymers"..

11 March 1983

Professor H.G. Viehe (University of Louvain),
"Oxidations on Sulphur".

16 March 1983

Dr. I. Gosney (University of Edinburgh),

"New Extrusion Reactions: Organic Synthesis in a Hot Tube".
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25 March 1983

Professor F.G. Baglin (University of Newark),
"Interaction Induced Raman Spectroscopy in Supracritical
Ethane".

21 April 1983

Professor J. Passmore (University of New Brunswick),'
"Novel Selenium-Iodine Cations".

4 May 1983

Professor P.H. Plesch (University of Keele),
"Binary Ionisation Equilibria Between Two Ions and Two
Molecules. What Ostwald Never Thought Of".

10 May 1983

Professor K. Berger (University of Munich),

"New Reaction Pathways from Trif1uoromethyl-Substithted
Heterodienes to Partially Fluorinated Heterocyclic
Compounds™”.

11 May 1983

Dr. N. Isaacs (University of Reading),
"The Application of High Pressures to the Theory and
Practice of Organic Chemistry".

13 May 1983

Dr. R. de Kock (Calvin College, Grand Rapids, Michigan},
"Electronic Structural Calculations on Organometallic
Cobalt Cluster Molecules: Implications for Metal

Surfaces".
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APPENDIX IT

Conferences Attended During the Period 1980-1983

(1) Polymer Characterisation Symposium, July 1981, Durham.
(2) Graduate Symposium, Durham, 1982.

(3) Graduate Symposium, April 1983, Durham.
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