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When subjected to heat and mechanical shear 
PVC decomposes via the elimination of HCI. This 
process is controlled most efficiently by the use of 
organotin stabilisers. This review outlines the basic 
degradationlstabilisation mechanisms which are 
involved in these processes. The organotin com- 
pounds of most commercial significance receive 
particular attention. Model compound studies 
which highlight potential stabilisation mechanisms 
are discussed but emphasis is placed on in-situ 
studies which are much more realistic. Finally the 
phenomenon of synergism is discussed with ref- 
erence to conventional alkyltin and the more novel 
estertin compounds. 
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I NTRO D U CTI 0 N 

PVC is the most versatile of today's commercial 
polymers. A recent survey' of US markets sug- 
gests that it finds its way into more than 60 end 
applications produced by a wide variety of pro- 
cessing tcchniqucs. 

This situation has been reached in spite of its 
unstable nature. Virgin PVC starts to decompose 
to eliminate hydrogcn chloride, discolour and 
lose its physical properties in the region of 100°C. 
Hcncc the incorporation of stabilisers is required 
in order to process PVC from the raw polymer 
into the finished articles. Typically tcmpcratures 
in the region of 18&2OO"C are employed and the 
unstabilised polymer decomposes rapidly in this 
temperature range. The reasons for the instability 
of PVC are still a point of great debate. The need 
to stabilise PVC during processing has not 
limited its use, however, and it has led to the 

growth of an industry solely devoted to the 
stabilisation of this polymer. No single class of 
compounds can fulfil the broad stabilisation re- 
quirements of PVC and a range of primary 
stabilisers are available. Lead salts, mixed metal 
soap stabilisers (BaiCd, Ca/Zn and more recently 
BaiZn) have their role to  play but the most 
effective class of compounds are the organotin 
stabilisers. In spite of their rclativcly high cost 
(offset to some cxtent by lower levels of use) these 
compounds are the preferred stabilisers for many 
applications due to their excellent properties. 
These include good heat stability, good light 
stability. excellent compatibility with PVC (ensur- 
ing lack of exudation and plate-out problems) 
and the ability to impart crystal clarity to the 
PVC formulation. 

Not surprisingly the commercial success of 
these materials has prompted detailed studies of 
their mechanistic actions. The reader's attention 
is drawn to several reviews which have already 
appeared in this area. The work of Wirth and 
Andreas' presents a good overall view of thc 
preventive and curative actions exhibited by 
organotin compounds in PVC stabilisation. Most 
writers in the PVC field appear to favour either 
the ionic decomposition mechanism3 or the free 
radical mechanism.' Exponents of the former 
mode of decomposition relate stabilisation closely 
with the ability to replace 'active' chlorine atoms 
within the polymer. A review by the Russian 
workers Minsker, Kolesov and Zaikov' high- 
lights the main structural defects within the poly- 
mer which arc believed to give rise to the elirnin- 
ation of HCI. The early work of Winkler4 and 
Stromberg et a1.,6 and the more recent review by 
Cooray and S ~ o t t , ~  however, serve to highlight 
the alternative view that the free radical initiated 
decomposition process is the more important 
(particularly under dynamic processing con- 
ditions). A slightly later review by Brecker' sup- 
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ports the now rather out-moded theories of Fryc, appear to attach varying dcgrccs of significance 
Horst and Paliobagis’ with regard to co- to the two main decomposition mechanisms. This 
ordination between active chlorine atoms within is the ‘ionic’ versus ‘free radical’ controversy 
PVC and the central tin atom of the organotin which has now persisted for some time. 
compound. This review, however, does give an Essentially the ionic mechanism for dehydro- 
excellent description of the organotin stabilisers chlorination is based on the presence of unstablc 
which are of real commercial cignificance. Anothcr entities within the polymer characterised by an 
group of Russian workers, Troitskii et a].,’* have active chlorine group. There is even argument as 
undertaken the mammoth task of comparing to the nature of the major dccomposition centre. 
the stabilising activity of 40 different organotin The majority of opinion, however, favours the 
compounds. A comprehensive comparison cm- allylic chlorine entity (1) (Scheme 2) The C-CI 
ploying several differcnt experimental techniques bond in this group is susccptiblc to ionisation 
was performed. The most recent review in this and, therefore, to the elimination of HCl. Ionis- 
area appears to be the chapter by Blunden, ation of the so-formed allylic species (2) will then 
Cusack and Hill’’ in The Industrial Uses of be even more facile due to enhanced resonance 
Organofin Compounds. This work covers almost stabilisation of the resultant positive ion. The 
all aspects of stabilisation by organotln com- review by Minsker et al.’ suggests that the keto- 
pounds, ranging from structural irregularitics chloroallylic group (3) may be even more sus- 
within the polymer, through mechanisms of ac- ceptible to dehydrochlorination with the rate 
tion, to general aspects of stabilisation involving constant for this reaction being a factor of lo2- 
toxicology, odour, migration, compatibility and lo3 greater than the same process with the simple 
lubrication during processing. chloroallylic group (1). Hjertberg and Sorvik” 

This review attempts to highlight the most have, however, concluded that there is little 
significant aspects of PVC stabilisation by orga- evidencc for the existence of (3) in commercially 
notin compounds and to present a critical view 
of some of the work already published in this 
area. The review largely, but not exclusively, 
covcrs the pcriod from approximately 1980 
onwards. + 

Cl C l  
MECHANISMS OF PVC 
DECOMPOSITION 

Unquestionably PVC decomposes by the elimin- 
ation of HCl to give conjugated polyene se- 
quences. Thesc give rise to the characteristic 
discoloration and the loss of physical properties 
which is largely associated with cross-linking 
(Scheme I). Different groups of workers, however, 

fiHZ-f$- - -nHCl  + H = C &  

L l  

Scheme 1 

( 3 )  
produced PVC. The rate of dehydrochlorination 
of structure (1) will be enhanced by any species 
which will facilitate ionisation of the C-Cl bond 
by accepting the chlorine ion. Razuvaev and co- 
workersL3 suggcst that HCl already eliminated 
from the degrading polymer acts to catalysc its 
further dehydrochlorination. In this situation 
HCI is considered to be an acceptor for C1K to 
give the triple ion HC1,- and hence facilitate the 
elimination of HC1. 

Hjertbcrg and Sorvik” have comprehensively 
reviewed the available information related to 
structural imperfections in PVC and have also 

- - 
Ct C t  Cl -HC1 Cl 
(11 C 1- ( 2 1  

Scheme 2 
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Cl c t  Cl 

Scheme 3 

summarised the attempts to correlate this data to 
the proposed degradation mechanisms for PVC. 
Based on their own work they conclude that 
there is a strongcr correlation of dehydrochlorin- 
ation rate with secondary chlorine groups rather 
than with allylic chlorine moieties. 

As early as 1959 Winkler“ proposed the alter- 
native view that the decomposition process is 
based on free radical rather than ionic reactions. 
He proposed the radical chain process is initiated 
by catalyst residues from the polymerisation pro- 
cess (Scheme 3). 

More recently the view that thermomechanical 
scission of polymer chains can produce the 
initiating radicals has been put forward.’“ Since 
almost all industrial techniques for the conver- 
sion of raw polymer to the finished article include 
not only heat but also some degree of mechanical 
shear, then this latter suggestion would appear to 
be particularly relevant. Even the most avid 
exponent of this theory, howcvcr, accepts that 
under conditions of static oven heat ageing, the 
ionic process may still provide a significant route 
for dec~rnposit ion.’~ Thc ionic versus radical 
decomposition discussion has been reviewed pre- 
viously by Ayrey, Head and Poller16 and it is not 
the object of this review to repeat this exercise. 
Indeed. i t  is likely that both decomposition 
routes operate simultaneously, the processing 
conditions dictating the predominant mechanism. 

ORGANOTIN COMPOUNDS USEFUL 
IN PVC STABILISATION 

The organotin compounds which have found 
most use as PVC stabilisers arc almost entirely 
based on mono- and dialkyltin derivativcs of the 
general structures RSnY, and R,SnY,. R is an 
alkyl radical and is either Me, Bu, Oct or 

CH,CH,CO,Bu; Y is a radical based on a 
carboxylic acid, a maleate half cster, a mercaptan 
or a mercaptoester. With regard to compounds of 
commercial significance this area has been re- 
viewed fairly recently.8 A number of points are, 
however, worth emphasising here. One of the first 
organotin stabilisers to find commercial appli- 
cation was dibutyltin dilaurate. This compound, 
however, finds little, if any, use in PVC today. 
The dibutyltin bis(alky1 maleate half-esters) 
exhibit particularly good light stability in rigid, 
clear PVC and, hence, are useful in the pro- 
duction of sheet for outdoor applications. By far 
the most widely used class of tin stabilisers 
are the mixed mono/di alkyltin mercaptoesters: 
(KSn(SCH,CO,R’),/R,Sn(SCH,CO,R’), (R’= 
alkyl)). Thcsc find application in the produc- 
tion of PVC bottles, sheet and films of many 
types. Iso-octylthioglycollate (USA) and 2-ethyl- 
hexylthioglycollate (Western Europe) derivatives 
are by far the most common but more recently 
longer chain analogues of the mixed octyltin 
derivatives have been patented and com- 
mercialised.” Mixtures of mono- and dialkyltin 
compounds are employed due to their synergistic 
action, since this combination results in superior 
heat stability in comparison to either of the pure 
compounds. 

In the USA improvements in both machine 
and formulation technology related to the extru- 
sion of white pipe has led to the development of 
organotin stabilisers based on long chain car- 
boxylic acid derivatives of mercaptoethanol. 
These stabilisers are high monoalkyltin contain- 
ing mixtures based on either methyl or butyltin 
compounds and give the excellent early colour 
control which is of prime importance. 

Dibutyltin his lauryl mercaptide i s  the only 
unsubstituted mercaptide derivative of any com- 
mercial significance. Tts use is limited to the 
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injection moulding area where the superior 
lubrication properties of this compound in com- 
parison to other thiotin stabilisers are exploited. 

Organotin sulphides are sometimes employed 
to improve the heat stability of other thiotin 
stabilisers. The action of these compounds is 
again synergistic but in many cases high cost, due 
to the high tin content, precludes their use. This 
is not so, however, in formulated stabilisers where 
the tin content is kept to a minimum (approxi- 
mately 5%) and here the organotin sulphides 
present a cost effective method of introducing tin. 

Dialkyltin maleates and cyclic dibutyltin de- 
rivatives based on mercaptoacetic and mercap- 
topropionic acids exhibit reasonable heat stability 
but are rarely used because of their extremely 
poor processing characteristics. These compounds 
actually appear to impart an anti-lubricating 
effect to the PVC formulation. 

BAS I C STAB I LI  SAT1 ON M ECH AN ISMS 

Whilst controversy still exists concerning the 
exact nature of the labile chlorine structure re- 
sponsible for the initiation of dehydrochlorin- 
ation, and with regard to the exact mechanism of 
this process, there appears to be a far more 
unified view of the reactions which are respon- 
sible for stabilisation. These have recently been 
catalogued by Owenla in line with conclusions 
drawn by other authors.2*7*14x19 Th ese processes 
are listed and discussed briefly here. Later sec- 
tions of this article will focus on the model 
compound studies and the in situ studies of the 
stabilised degrading polymer which have provided 
the evidence in support of these mechanisms. 

much longer period than the neutralisation of 
HC1 eliminated by the unimolecular elimination 
o f  HC1 would s~ggest . ’~ 

Reaction with labile chlorine 

Elimination of labile chlorine atoms in the PVC 
backbone by exchange processes with the Y 
groups in either RSnY, or R’SnY, will give rise 
to more stabIe structures which will delay the 
onset of dehydrochlorination. With this mode of 
stabilisation the effect is temporary, since ulti- 
mately these groups are converted back to their 
original structures by reaction with HCL5 Hcncc 
there is ultimately no change in the number of 
these labile groups during the degradation of 
PVC in the presence of organotin ~ t a b i l i s e r s . ~ ~  

Destruction of polyenes 

Dehydrochlorination of PVC gives rise to rela- 
tively small numbers of long polyene chains with 
the result that blackening occurs with the loss of 
< 0.176 of the contained HC1. Efficient stabiliscrs, 
therefore, will have thc capacity to interrupt the 
developing conjugation by some mechanism 
whcrcby the stabiliser itself, or a group generated 
from the stabiliser, will add to the unsaturated 
system.’, 24 

Radical scavenging 

The free radical chain mechanism for PVC is 
believed to be propagated by C1’  radical^.^ 
Compounds which have the capacity to consume 
these or other radicals in the kinetic chain will 
therefore contribute to the overall stabilisation 
process. 

Hydrogen chloride scavenging 

It now seems that the majority of evidencc 
supports the theory that the dehydrochlorination 
of PVC is catalysed by HCl.133’0~22 Again the 
mechanism of this catalysis is not absolutely clear 
but from a use point of view, the ability of 
organotin compounds to react efficiently with 
HCI will provide some degree of stabilisation. 
The limited stabilising capacity of dibutyltin 
dilaurate is undoubtedly attributable to its ability 
to neutralise HCl. With the more efficient stabilisers 
such as dial kyltin bis(iso-octylthio- 
glycollates) (R,Sn(IOTG),), HCl scavenging 
probably plays a minor role. These compounds 
delay the onsct of dehydrochlorination for a 

Destruction of hydroperoxides 

It is now well established that hydroperoxides 
which are produced in the oxidative degradation 
of PVC have a detrimental effect on the stability’ 
since they can decompose by radical processes to 
give rise to other radical species which further 
contribute to the degradation process. Destruc- 
lion of hydroperoxides has, thereforc, been identi- 
fied as a further process whcreby stabilisation of 
PVC can be effected. 

The role of organotin chlorides 

The majority of organotin stabilisers which are 
in use today are converted, ultimately, to their 
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corresponding organotin chlorides (RSnC1, or 
R,SnCI,). In view of the Lewis acid naturc of 
these materials (particularly RSnCI,) they will 
exhibit a prodegradant effect. Processes which 
delay the formation of, or reagents which destroy 
or chelate the organotin chlorides will therefore 
exhibit a secondary stabilising effect. 

MODEL COMPOUND STUDIES 

In a commercial environment the qualitative as- 
sessment of the relative efficiencies of a range of 
potential stabilisers is fairly simple. A range of 
performance t e s t s 4 v e n  heat stability, press 
stability, dynamic mill stability and Brabcnder 
plastograph degradation provide sufficient com- 
prehensive data to enable the development of pro- 
ducts suited to specific processes or applications. 
Hence, in many cases, organotin stabiliser devel- 
opment has progressed by an empirical approach 
with relatively little understanding of their modes 
of action. 

On  the other hand the academic world has 
sought to correlate the stabilising action of orga- 
notin stabilisers with their ability to react with 
certain labile chlorine-containing compounds in 
the belief that ‘these low molecular weight 
materials arc true models for the sites within the 
PVC at which degradation is believed to be 
initiated. 

In line with the suggestions made by B u m z 5  
and Drusedow,, Klernchukz6 also concluded that 
the allylic chlorine moiety in PVC is the most 
likely source of dehydrochlorination. These 
conclusions were reached from relative rate 
studies on 4-chloro-2-pentene and 2-chloro- 

2-methyl butane with several organotin stabil- 
isers. A y r e ~ , ~ ?  28 has perpetuated this approach 
with studies of Bu,Sn(IOTG), and 
Bu,Sn(O,CC,,H,,), in combination with 3- 
chloro-l-butene. Unlike the work of Klemchuk, 
the choice of 3-chloro-l-butene as model com- 
pound allowed the observation of isomerisation 
upon reaction with the organotin compound 
(Scheme 4). Ayrey and co-workers conclude that 
isomerisation of the allylic group within the PVC 
backbone would give rise to a stabilising effect 
even though subsequent elimination of the Y 
group might still occur. This is debatable since 
re-isomerisation of the initially isomerised group 
would be catalysed by HCl. (or Bu,SnCl,) and 
the beneficial effect would be negated (Scheme 5). 
In any case the isomerised group would remain 
susceptible to radical chain degradation (Scheme 3). 

The review by Ayrey et al.I6 gives a summary 
of the low molecular weight chlorocarbons which 
had been employed as model compounds up to 
approximately 1974. 

One of the most comprehensive studies of the 
reaction between an allylic chlorine model com- 
pound and a model organotin stabiliser is the 
work by Michel, Guyot and Nolle.’’ These 
workers studied the reaction between an isomcric 
mixture of 4-chlorohex-2-ene and 2-chlorohex-3- 
ene (referred to as CHE) and dimethyltin 
bis(methylthioglycol1ate) (Me,Sn(MTG),) by ‘H 
NMR spectroscopy. To some extent the obser- 
vations parallel the work of Ayrey et al. with 
regard to the formation of an isomeric product 
mixture and isomerisation of the CHE to the 
thermodynamic equilibrium concentration of the 
CHE isomers (Scheme 6). 

Scheme 4 

___) Bu2SnYz -y%Jy- - HC’ y w y -  
C I  CI (-6~~Sncl.Y 1 Y CI C l  c1 

+ 
Scheme 5 
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This reaction proceeded at a reasonable rate 
at zlOOcC and was catalysed by HCI. 
Me,SnCl(MTG) reacted with CHE at a faster 
rate but gave the same product mixture. HMTG 
reacted fastest of all with CHE and again thc 
reaction was catalysed by HCI. The last obser- 
vation led the authors to propose that CHE 
reacts with Me,Sn(MTG), principally by an ionic 
mechanism in which HMTG is first cleaved from 
the parent stabiliser by HCI. Subsequcntly this 
adds to thc allylic carbonium ion formed by the 
catalysed ionisation of the CHE (Scheme 7). 

A more recent study by Kat7 and Starncs3' 
suggests that monoalkyltin tris thiolates react 
with allylic chlorides almost exclusively by a 
quasiconcerted mechanism which gives the allylic 

M TG 

rearranged sulphides. These conclusions were 
based on I3C NMR studies of the reactions of 
MeSn(SMe), with chloroheptencs and chloro- 
decene (Schemes 8 and 9). 

The reaction of Scheme 8 is far more stereo- 
specific than that observed for similar reactions 
of dialkyltin bis(thioglycol1ate esters)26 ~ 2 9  and 
dialkyltin his c a r b ~ x y l a t e s . ~ ~  Mechanistically the 
formation of an intermediate ion pair is indicated 
(Scheme 9). It is hardly surprising that the mech- 
anisms of these reactions are dissimilar since 

Me 

+MeSnC I ( SMe)2 q 6-/ 

p+ ; 
B 

MeS - h(SMel2  

i' fci MeS 

44 c-- 

B - - - 
Scheme 9 
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HCI 

there are many differences betwcen these two 
studies, e.g. solvent, temperature, degrce of alkyl- 
ation in the organotin and use of a simple thiol 
vcrsus a thioglycollate ester. A simple demon- 
stration of this last factor is that Hu,Sn(IOTG), 
is a far more efficient stabiliser than 
Bu,Sn(SC,,H,,),. The absence of a concerted 
mechanism with the dialkyltin thioglycollate es- 
ters is almost certainly due to the lowcr electro- 
negativity of the central tin atom and the fact 
that ester coordination (for example in 
Bu,Sn(IOTG),)31 may sterically prevent the 
formation of the appropriate transition state. 
There is obviously scope here to clarify these 
aspects with similar model compound work on 
R,Sn(SR’), and RSn(SCH,CO,R”), (R, R’, R” = 
alkyl). 

A relevant observation here comes from the 
work of van den Heuvel and c o - ~ o r k e r s . ~ ~  They 
performed XRF and high resolution NMR 
studies of the stabilisation of a commercial gradc 
of PVC by Oct2Sn(2EHTG),. This in situ study 
suggests that during heat ageing at 180°C dc- 
slruction of the allylic chlorine moieties by reac- 
tion with organotin stabiliser is a rather ineffi- 
cient process. Only 25-30% of these active dehy- 
drochlorination sites were consumed during the 
degradation proccss. Thus it was also concluded 
that by far the majority ( -  70%) of the organotin 
compound was consumed in stabilisation pro- 
cesses other than reaction with allylic chlorines. 

Some workers have attempted to correlate 
stabiliser activity simply with HCI cleavage of the 
Y groups in R,SnY,. An early attempt at this by 
Rockett and c o - w o r k e r ~ ~ ~  utilised aqueous HCl 
under unspecified conditions. The observations 
made by these workers would appear to be 
hardly relevant to the reactions undergone by 
organotin stabilisers at between 180 and 200°C in 
a polymer matrix. These workers did, however, 
observe that organotin mercaptides underwent 
facile cleavage to organotin chlorides and mcr- 
captans, and that the corresponding carbothiolic 
derivatives gave carbothiolic acids. A later at- 
tempt by Ayrey and his associatesj3 used gaseous 
HCI under more realistic conditions. Alkyltin 
stabilisers such as Bu,Sn(IOTG), gave Bu,SnCI, 

(-RH) 

and HIOTG as expected, but a variety of func- 
tionally substituted akyltin compounds under- 
went C-Sn cleavage to RSnCl, and SnCI, (Scheme 
10). Both of these are recognised prodegradants 

(a) H C I  I b) H C I  
R 2  S~Y~( -HY)R~S~CI .Y -R~  I-HY) S n C l 2  

Scheme 10 

for PVC (especially SnCI,). These observations 
correlated quite well with the abilities of various 
compounds to stabilise plasticised PVC at 195°C. 
One aspect of this study, however, gives cause for 
concern. In many cases the yields of 
R,Sn(IOTG), obtained in the preparative experi- 
ments were low ( -  7&80%) and in the case of R 
=CH2CH,C0,Et thc yield was 44%. This is 
particularly surprising since this class of com- 
pound (with R=CH,CH,CO,Bu) can be pro- 
duced by economically viable processes and have 
achicvcd a degrce of commercial success. This 
would also tend to suggest that the C-Sn 
cleavage demonstrated in model studies on these 
compounds cither docs not occur or has little 
significancc under actual processing conditions. It 
has subsequently been demonstrated that the 
addition of Cl,Sn(CH,CH,CO,Bu), to PVC has 
no prodegradant effect in comparison to virgin 
PVC or the addition of 0 ~ t , S n C l , . ~ ~  

The role played by organotin chlorides in the 
stabilisation or degradation of PVC has 
prompted a number of studies utilising model 
compounds. Wirth and co-workers observed that 
the ocyltin chlorides OC‘T,,SnCI,~,, ( n  = 1 - 3) re- 
duced the rate of dehydrochlorination in relation 
to the number of alkyl groups in thc organotin 
compound. These workers proposed that the 
stabilising effect is associated with isomerisation 
of allylic chlorinc moieties in the PVC backbone 
(Schcmc 11 and Fig. 1). 
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Figure 1 
stabiliser; (b) OctSnC1,: (c )  Oct,SnCl,: (d) Oct,SnCl. 

Thermal dehydrochlorination curves of PVC at 17S’C in presence of octyltin chlorides (5mmol 100g-l PVC): (a) no 

(Reproduced by kind permission of the Society of Plastics Engineers.) 

In an attempt to prove this hypothesis they 
have studied the isomerisation of 3-chloro-2- 
butene by a number of organotin chlorides 
(R,SnCl, Iz, R=Me, Bu, Oct; n= 1-3). 
Monoalkyltin trichlorides and the lower alkyltin 
chlorides were found to be the most efficient. 
This order of catalytic activity did not, however, 
correlate with thc order of stabilisation and it is 
extremely unlikely, therefore, that the stabilis- 
ation exhibited by Oct,SnCI and Oct,SnCl, can 
be associated with the isomerisation of allylic 
groups within PVC. 

Extensive studies of the organotin chloride 
catalysed dehydrochlorination of CHE to hexa- 
2,4-diene have been performed by Van Hoang, 
Michel and Guyot.35 Using Bu,SnCl,-, ( n =  1-3) 
they studied both dehydrochlorination and hexa- 
diene formation in 12-dichloroethane solution in 
sealed glass ampoules. They observed the fastest 
rates of dehydrochlorination and hexadiene form- 
ation with BuSnC1, which i s  in line with the 
relative Lewis acidities of these organotin com- 
pounds. Later3’ the same group extended their 
studies to involve phenyltin chlorides and p- 
carbobuloxyethyltin chlorides (/3CBE),SnCl,-, 
( n =  1,2). These so-called estertin chlorides were 
found to decrease the rates of CHE decompo- 
sition relative to their corresponding butyltin 

analogues in 1,4-dichlorobutane at  80°C. This 
effect was attributed to the reduced Lewis acid 
strength of the estertin compounds as a result of 
ester ~ o - o r d i n a t i o n . ~ ’ , ~ ~  This may be the case for 
(bCBE),SnCI, since Burley et al.,’ have demon- 
strated that the Lewis acidity of these compounds 
is markedly lower than the simple dialkyltin 
dichloridcs. However, the Lewis acidity of com- 
pounds such as Cl,SnCH,CH,CO,R (R = Me, 
Pr, Bu, etc.) with regard to formation of 1:l 
complexes is apparently unperturbed in com- 
parison to BuSnC1, and it is less likely, therefore, 
that this effect can explain the reduced dehydro- 
chlorination rate. 

Finally. Van Hoang and associates have 
examined the effect of organotin chlorides upon 
the addition of HCI to hexadiene.,’ Catalysis of 
this reaction again followed the order of the 
Lewis acidities RSnCl,>>R,SnCl, > R,SnCl. In 
fact this group have merely approached the same 
equilibrium situation from both sides since they 
have worked in a closed system (Scheme 12). 
Model system studies suggest that organotin 
chlorides may have some stabilising effect. More 
realistically, however, BuSnCl, has been shown 
to cxhibit a prodegradant effect and Bu,SnCI, a 
neutral effect when added to virgin PVC.‘l 

Studies of the addition of organotin chlorides 

CI 
& t  

Scheme 12 
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alone to PVC, or to model compounds are more 
relevant to the degradation of PVC at the end of 
the stabilisation process than to the stabilisation 
process itself. The concentration of these com- 
pounds in PVC will be very small until the end 
of the stabiliser's useful life (i.e. all Y groups have 
been cleaved from the tin compound). 

The PVC solution studies conducted by Ayrey 
and co-workers provide a useful link between 
model compound work and the most realis- 
tic in situ studies to be described later. Their 
work with radioactively labelled Y groups in 
R,SnY, (Y = SBu, 2EHTG, O,CC, ,H,,, and 
O,CCH=CH. CO,Me(MMM)) provides sup- 
portive evidence for thc early work of F'ryc, 
Horst and Paliobagis' with regard to incorpor- 
ation of these groups into the PVC backbone. 
With B U , S ~ ( S B ~ ) , ~ ~  an autocatalytic rate curve 
was observed and explaincd in terms of an initial 
reaction between the stabiliser and active CI 
groups in the polymer, followed by a faster 
reaction of liberated thiol with polyene sequences. 
The opposite effect was observed with 
B U , S ~ ( ~ E H T G ) , , ~  (fast initial rate followcd by a 
slower reaction) and the same mechanism was pro- 
posed. Perhaps these observations are consistent 
with the poor early colour performance charac- 
teristics of Bu,Sn(SC,,H,,), in comparison to 
Bu2Sn(2EHTG),. Two particularly interesting 
factors emerge from this study: (1) the addition of 
thiols to degraded PVC discharged, to a large 
extent, the colour that had been generated- 
providing irrefutable evidence that thiols add to 
conjugated polyene sequences; and (2) degraded 
PVC accumulated radioactivity at the same rate 
as virgin PVC upon reaction with Bu,SnY, 
(Y = SBu, 1O'rG)-this suggests that the conccn- 
tration of degradation initiation sites does not 
change during the early stages of the PVC 
degradation process. 

UV spectroscopic studies and the radiochem- 

ical tracer studies also confirmed that the MMM 
ligands from Bu,Sn(MMM), are also incorpo- 
rated into degrading PVC. Due to the very long 
degradation times (typically 1&20 hours) en- 
countered in this anaerobic solution work and 
the instability of Bu,Sn(MMM), under these con- 
ditions the relevance of this section of the work 
to a realistic stabilisation situation (degradation 
times of 1-2 hours) is questionable. 

Thc free radical dcgradation processes appear 
to have received far less attention than possible 
ionic mechanisms in model system studies. Ayrey 
and co-workers' have, however, reported a brief 
study of the interaction of Bu,SnY, (Y=OCOR 
and SR') with photochemically generated Cl'. In 
both cases Bu,SnCl, is formed. With Y = SR', 
R'S' and R'SSR' are formed which would appear 
to represent an efficient scavenging process. With 
Y=OCOR, however, RCO,' (and RC02H) are 
formed with the generation of other radicals. 
Conceivably, therefore, Bu,Sn(SR'), may be more 
efficient at interrupting radical chain processes 
than Bu,Sn(OCOR),. A much more recent re- 
view of Miche1I6, proposes that CI' scavenging is 
the prime role of both thio- and non-thiotin 
stabilisers as well as for metal soap and lead 
stabilisers. He appears to present little direct 
evidence for his proposal (callcd 'truc stabilis- 
ation'), an aspect of the review which also drew 
published criticism from the Referee.65 

Cooray and Scott havc focussed their attention 
on the role of hydroperoxides in PVC degra- 
dation. These species are generated during the 
thermomechanical degradation of PVC under 
oxidative conditions and hence these studies are 
relevant to many commcrcial processing tech- 
niqucs. The calendering of film or sheet will be 
particularly prone to this mode of degradation 
whilst the extrusion of pipe and profile or the 
injection moulding of various fittings will be less 
susceptible to this mechanism (Scheme 13). 

CI C l  2 -- - + / T O O H  :ooy . (-HI 

1 0 2 I R H  c 1' C l  +2R' Cl 

+R' Scheme 13 
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Thiotin stabilisers are efficient decomposers of 
hydro peroxide^.^^ Model system studies with 
cumcne hydroperoxide (CHP) and t-butyl hydro- 
peroxide (TBHP) demonstrated that the mechan- 
isms are complex and proceed by a combination 
of radical and ionic schemes. In the early stages 
hydroperoxides are converted principally to al- 
cohols and oxidation occurs at S within the 
mercaptoester giving rise to sulphoxide and sul- 
phonate esters. Subsequently a pro-oxidant stage, 
analogous to that observed for antioxidant thiols, 
is observed with the formation of alkoxidc rad- 
icals. Ultimately dialkyltin sulphate is formed 
along with sulphur oxides. It is unlikely that the 
latter stages of this scheme are relevant to PVC 
processing since HCI cleavage will compete with 
oxidative reactions in this situation. The early stages 
of this scheme are presented here (Scheme 14). 

A similar study2’ with CHP and gaseous HC1 
highlighted the effect of HC1 concentration upon 
the decomposition mechanism of hydropcroxidcs. 
At high [CHP]/[HCI] ratios CHP was decom- 

posed completely by an ionic process. Alterna- 
tively, at low [CHP]/[HCI] ratios CHP was 
decomposed by a radical process which initiated 
pro-oxidation in cumene. The addition of dibutyl- 
tin maleate (DBTM) neutralised HCI thereby 
eliminating the pro-oxidant effect whereas 
Bu,Sn(IOTG), not only neutralised HCI but also 
exhibited a marked antioxidant effect. Thcsc ob- 
servations raise the possibility that the prodegra- 
dant effect of HCl in PVC degradation may arise 
by the pro-oxidative dccomposition of hydro- 
peroxide species. 

IN S lTU STUDIES 

A significant contribution in recent years to our 
understanding of organotin stabiliscd PVC de- 
gradation has been made by Scott’s group. Early 
work by Scott, Tahan and V y ~ o d a ~ ~ , ~ ~  demon- 
strated that when subjected to shcar stresses in 
the presence of oxygen PVC, like many other 

0 
II 

Oct SCH9COR 

+ R’OH 
\ /  

+ R’OOH - Sn 
\ / &  

Sn 
/ \  Oct / ‘SCH2COR Oct SCH2COR 

II II 
0 0 

11 
0 0  0 

oct O S C H ~ C O R  oct O S C H ~ C O R  
\ /  R‘OOH \ /  Pn, R ’ O H +  Sn f--- 
/ \  

c Ict / ‘SCH2COR Oct’ ‘SCH,-_ 

b I I  
0 

0 Oct OR’(  H) 
II \ /  

oct OR’(H) o o 
II I I  ‘Sd + R O C C H 2 S O H t -  ROCCHISOH + Sn 

Oct’ ‘SCH COR 
211 

Oct ’ ‘SCH2COR 
II 
0 Scheme 14 0 



Mechanistic aspects of the thermal stabilisation of PVC by organotin compounds 105 

polymers, undergoes dcgradation by a mechano- 
chemically initiated free radical process (Scheme 
13). This results initially in the formation of 
mono-unsaturation, the elimination of HCl and 
the generation of peroxides. In an unstabilised 
situation the radical reactions auto accelerate 
with thc build-up of polyene sequences (Scheme 
3) and the accumulation of other species (Fig. 2). 

Organotin stabilisers such as DBTM and 
Oct,Sn(IOTG), have a marked effect upon the 
concentrations of unsaturation and peroxides 
during p r o c e ~ s i n g . ~ ~  DBTM has the ability to 
control these species at  a relatively low and even 
level (Fig. 3). On the other hand, Oct,Sn(IOTG), 
has thc ability to eliminate them completely after 
initial maxima in their concentrations have been 

0 L a 12 16 20 
Processing time (rnin) 

Figure 2 The development of unsaturation and peroxides in unstabilised PVC during processing at 170C and 210°C. 
(Reproduced by kind permission of Elsevier Applied Science Publishers Limited.) 
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Figure 3 
DBTM: (a) no  additives; (b) DBTM ( 1 1 . 6 ~  10-’molelOOg~l)+lubricants. 

Formation of unsaturation and peroxides during the processing of PVC at 170°C in the presence and absence of 

(Reproduced by kind permission of Elsevier Applied Science Publishers Limited.) 
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2 

J 
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i 
3 

c 

9 L 8 12 16 2c 
Processing time imin i 

Figure 4 
Oct,Sn(IOTG),: (a) no additives; (b) Oct,Sn(IOTG), (1 1 . 6 ~  10-3m~11e lOOg-')+lubricants. 

Formation of unsaturation and peroxides during the processing of PVC at 170°C in the presence and absence of 

(Reproduced by kind permission oC Blsevier Applied Science Publishers Limited.) 

generated (Figure 4). Mechanistically, these ob- 
servations can bc rationalised by the fact that 
DBTM is incapable of reacting with mono- 
unsaturation but is capable, by virtue of the 
Diels-Alder (DA) reaction, of destroying the de- 
veloping polyene sequences. 

A more detailed spectroscopic study of the in 
situ stabilisation by DBTM has been conducted 
by Scott and c o - ~ o r k e r s . ~ ~  This indicates that 
the initial reaction involves allylic chlorine dis- 
placement followed by a DA reaction with a 
maleic acid residue already bound to the poly- 
mer. Maleic anhydride itself i s  generated during 
the latter stages of this stabilisation process 
(Scheme 15). 

Oct,Sn(IOTG), has the ability to destroy the 
initially formed mono-unsaturation by virtue of 
the liberated thiol (HIOTG) addition to the 
isolated double bond (Scheme 16). 

Cooray and Scott' sought to confirm this by 
reacting radio labelled thiol with partially de- 
graded PVC. By monitoring both non-conjugated 
and conjugated unsaturation as a function of 
retained thiol they concluded that there is a strong 
correlation between mono-ene concentration 
and retained thiol. The alternative conclusion 
that liberated thiols have little effect upon con- 
jugated unsaturation contradicts conclusions 
drawn by other  worker^^,^^,^' and does not 
appear valid sincc their experimental technique 

would not differentiate betwccn long conjugated 
systems and essentially the same sequence inter- 
rupted by a single added thiol (Scheme 17). 

A more extensive direct study of 
Oct,Sn(2EHTG), has also been performed.15 
This work also compared the efficiency of the 
simple dialkyltin thioglycollate ester with 
(pCBE),Sn(2EHTG), by a number of processing 
techniques. In general terms the estertin stabiliser 
was more efficient at destroying the initial un- 
saturation and was converted faster to its half 
chloride (Scheme 16(a)) reflecting the superior 
early colour control exhibitcd by this stabiliser. 
However, Oct2Sn(2EHTG), was more efficient at 
hydroperoxide decomposition and controlling 
peroxide formation. Such observations may 
explain the more rapid ultimate dehydro- 
chlorination rate with the estertin stabiliser. One 
aspect of this study is worth deeper consideration. 
Ideally, the initial product generated from stabil- 
isers of the type R,Sn(SCH,CO,R'), will be 
R,SnCI(SCH,CO,R') (by reaction with either 
HCI or polymer bound active CI). These reac- 
tions arc rcadily monitored by IR spectroscopy 
by virtue of the characteristic carbonyl region 
spectra of these organotin  compound^.^' Evcn 
the early stages of the simple oven heat stability 
tests (particularly R = BCBE) exhibit distinct cur- 
vature in the conversion/time profiles (Fig. 5). In 
contrast to this, Rabinovitch and co-workers66 
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have reported a linear relationship between stabil- 
iser conversion (Bu,Sn(IOTG),) and oven ageing R2Sni10TG)2 + HC' R2SnC"10TG) + 

time (see Fig. 6). These workers also employed 
[ b l  -1OTG the same infrared technique, reported by Cooray, 

to monitor the reaction. Differences in sample + HIOTG - 

Hn + 

Scheme 16 preparation (solvent cast films in the work of 
Cooray, extruded strips in the work of Rabin- 
ovitch) and differences in subsequent heat treat- 
ment (190' versus 163°C respectively) may 
explain the markedly different observations. 

Cooray's data suggest that another organotin 
compound is involved in the stabilisation process. 
Of particular relevance here is believed to be the 

Scheme 17 rcport by Bellengcr et of the formation of 
(n:a+b+l) 

RSH - 



108 Mechanistic aspects of the thcrmal stabilisation of PVC by organotin compounds 

dibutyltin thioglycollate (Bu,SnTC) (detected by 
the presence of a strong carboxylate absorption 
at 1550cm-' in the IR spectra of thermally 
treated films) during thermal stabilisation by 
Bu,Sn(IOTG),. These workers proposed that 
Bu,SnTG is generated by an ill-defined thermal 
process (Scheme lX(a)). However, in view of the 
fact that the same cyclic compound can bc 
generated at room temperature upon storage or 

Oven heating time (min) 

Figure 5 Stabiliser conversion to half-chloride, during oven 
heating at 190'C: (A) Estertin stabiliser ((bCRE)$n(2EHTG),); 
(B) Octyltin stabiliser (Oct2Sn(2EHTG),). 

(Reproduced by kind permission of Elsevier Applied 
Science Publishers Limited). 'I 8 0  

during manufacture,' a hydrolytic mechanism is 
an alternative possibility (Scheme 18(b)). 

Bellenger reports that BuzSnTG is very reac- 
tive in PVC (reaction with HCl?) and is not 
normally observed. Cooray and Scott46 have also 
observed Oct,SnTG (a band at 1550 cmpl  erro- 
neously attributed to Sn-S) in the spectra of PVC 
films containing Oct2Sn(10TG), and comment 
that it is fairly rapidly destroyed upon UV ex- 
posure. There is, therefore, sufficient evidence to 
suggest that R,SnTG may be involved in the 
stabilisation process when R,Sn(IOTG), are em- 
ployed. The extent to which it is generated will 
be dependent upon processing techniques and 
conditions. 

An alternative direct approach has been at- 
tempted by Allen and co-workers. This group 
have employed 9Sn M6ssbauer spectroscopy to 
study the fate of organotin stabilisers in degrading 
PVC. Early ~ o r k ~ ' , ~ '  on the thermal degra- 
dation of PVC stabilised with R,Sn(lOTG), 
(R = Bu, Oct) and dibutyltin bis (iso-octylmaleate), 
(Bu,Sn(lOM),) concluded that at the end of the 
stabilisation process (black PVC) the stabilisers 
had only been converted to their respective half- 
chlorides (Scheme 10(a)). This situation is un- 
likely in view of the fact that Oct,SnCl(IOTG) 
can function as a fairly efficient stabiliser when 
incorporated into PVC by a conventional hot 
milling technique (Fig. 7). 

An extension of the Mossbauer studies to U V  
degradation5' helped to highlight the fact that 
this technique is rather insensitive and erroneous 
conclusions are easily drawn. Initially it was 

0 

/ 

1 I 1 

0 2 L 6 8 10 
Oven aging time at 163'C ( h )  

Figure 6 Stabiliser conversion as a function of heat history for PVC with 2 phr. stabiliser (Bu,Sn(IOTG),). 
(Reproduced by kind permission of the Society of Plastics Engineers.) 
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Figure 7 Oven heat test at 185°C for octyl tin compounds. 
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concluded that the final tin species in the UV 
degradation of PVC stabilised by Bu,Sn(IOTGj, 
was SnOCl,. Later work demonstrated that 
SnCl, is a more likely degradation product.52 
This more detailed study revealed that the 
Mossbauer parameters (Isomer shift and Quadru- 
polc splitting) of the organotin stabilisers, their 
half chlorides and Bu,SnCl, were sensitive to the 
mode of incorporation into PVC (solvent casting 
or hot milling). The parameters of other tin 
species such as SnCI, were also shown to be 
potentially sensitive to environment within the 
PVC matrix by virtue of interaction with HCI or 
C1 atoms within the polymer. These observations 
suggest that Miissbauer spectroscopy is insuf- 
ficiently sensitive to draw many conclusions re- 
garding the distribution of tin species which are 
present during the degradation process. 

SYNERGISM 

The phenomenon of synergism observed with 
mixtures of mono- and di-alkyltin stabilisers has 
bccn known and exploited commercially for 
many years. Klimsch and KuhnerP3 reported 
that the addition of BuSn(LOTG), to 
Bu,Sn(IOTG), produced a significant improve- 
ment in dynamic mill stability and Blunden, 
Cusack and Hill' have recently presented an 

2RSn (SCH2C02R' )3 + RSnC13 

example of this phenomenon based on static 
oven heat stability. There are also several 
p a t ~ n t s ~ ~ , ~ ~  which claim synergism between 
monoalkyltin compounds and dialkylthiotin 
stabilisers. The mcchanism of this synergism, 
however, remained obscure for some considerable 
time. Nassj6 suggested that the process was es- 
sentially regenerative although he presented no 
evidence for his hypothesis. Burley and Hutton,,l 
and more recently Brecker,8 have likened dialkyl- 
tin stabilisers to barium or calcium soaps in their 
characteristic performance (long stability-poor 
colour control) and mono alkyltin stabilisers to 
cadmium or zinc soaps (good colour control- 
short stability). Based on thcse observations an 
analogy has been drawn between the synergistic 
combinations of R,SnY,/RSnY, and Ba/Cd soap 
(or Ca/Zn soap). Jn organotin stabilisers this 
mechanism would involve exchange of C1 and 
IOTG groups between mono and dialkyltin en- 
tities. Scvcral spectroscopic 5 7 -  5 9  

have demonstrated that facile Cl/mercaptoester 
exchange equilibria of a number of types do exist 
(Scheme 19). 

Although many equilibria of the type shown in 
Scheme 19(d) can be written it is envisaged that 
the overall process giving rise to synergism can 
be summarised by Scheme 20. 

By this mechanism prodegradant RSnCl, is 
essentially converted to inert R,SnCI, whilst 

2R2SnCL (SCH2COCp' 1 I01 

3RSnCl (SCH2 C02R' 12 ( b1 

By Sn( OCO. CuH23) 2 + Bu2SnC12 2Bu2SnCl( OCOC 11 H23) (Cl 

R2Sn(SCH2CO2R1)2 + RSnCl3 R2SnCt( SCH2C02R' ) + RSnCl2 (SCH2C02R') 

Scheme 19 

RSn( SCH2CO2R' 13 + 3HCl (PC1 I +- 

2RSnC13 + 3R2Sn(SCH2C02R1)2- 

Scheme 20 

11 
R2SnC12 + RSnCt(SCH2CO2R'12 

RSnCl3 + 3HSCH2C02R1( PSCH2C02R' 1 

2RSn(SCH$02R' 13 + 3R2SnC12 

( P= polymer 1 

(d1 
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Table 1 
with butyltin dcrivatives 

Compound Degradation time (min) 

Degradation times of rigid PVC" samples stabilised 

at 185°C 

Bu,Sn(lOTG), 90 
Bu,Sn(IOTG), with 20?ib BuSnC1, LOO 
BuSnC1, 20 
No additive 50 
BuSn(lOTG), 80 
BuSn(IOTG), with 20% Bu,SnCI, 80 
Bu,SnCl, 50 

"PVC-K value 62. 
'Milie %. 
(Data reproduced by kind permission of Elsevier Applied 
Science Publishers Limited). 

R2Sn(SCH,C02R')2 is converted to the more 
active RSn(SCH,CO,R),. Further evidencc in 
favour of this mechanism stems from the fact that 
addition of BuSnC1, to Hu,Sn(IOTG), gave an 
improvement in oven heat stability whilst the 
converse cxcrcise of adding Bu,SnCI, to 
BuSn(lOTG), gave no improvement in perfor- 
mance (see Table 

Abeler and Bussing6' have independently pro- 
posed a similar mechanism for synergism based 
on their own studies and demonstrated sensitivity 
of the synergistic optimum to lubricant and to 
the nature of alkyl group attached to  Sn 
(Brecker' has also commented on this effect). 
These observations suggest that lubrication and 
compatibility phenomena contribute significantly to 
performance. Model compound studies performed 
in isolation can take no account of factors such 
as these. 

The positions of equilibria such as 19(a, b, d) 
are dictated by co-ordination effects within the 
organotin compounds.31341 Where the alkyl 
group attached to  Sn also contains a functional 
group (R = CH,CH2C02Bu) capable of compet- 
ing with mercaptoester co-ordination to Sn, then 
these equilibria can exhibit marked displacement 
from the case where R = a l k ~ l . ~ ~  Potentially, 
therefore, this effect may perturb the position of 
thc synergistic optimum. This has been 
observed. ' O  

Unfortunately, the spectroscopic studies per- 
formed so far have been limited to relatively low 
temperatures (20-35"C), the results of which may, 
or may not, be relevant to PVC processing 
temperatures (1 80-200°C). Further work is there- 

fore required in order to extend these initial 
studies to higher temperatures. 

Equilibria such as 19(a, b) normally lie almost 
cxclusively to the right-hand side. This situation 
could be perturbed under processing conditions 
(particularly calendering) if the organotin 
chlorides (RSnCI,, R,SnCl,) are volatile. This is 
another factor which will vary with length of the 
alkyl chain and could contribute in determining 
the synergistic optimum. 

Synergism has also been claimed between orga- 
notin sulphides and organotin mercapto- 

A brief proton NMR of 
these mixtures indicated that S/mercaptoester 
exchange occurs here. Mixtures of R2Sn(2EHTG), 
with RSnS,:, generated not only RSn(2EHTG), 
and (R,SnS), but also smaller equilibrium 
concentrations of RSn(2EHTG),Sl,, and 
RSn(2EHTG)S (Scheme 21). 

3R2Sn(2EHTG)2 + 2RSnS 32 c 3R2SnSt  2RSn(2EHTGI3 

RSn(2EHTG t t 2RSnS3,? GS 3RSn(2EHTG) S 

2RSn(2EHTG13 + RSnSy2 3RSn(2EHTG)2S1/2 

( R =  Bul 
Scheme 2 1  

Finally, Van Hoang and c o - ~ o r k e r s ' ~  have 
extended their model compound work with CHE 
to study the synergism which exists between 
organotin stabilisers and epoxy compounds. 
Thcir explanation of this phenomenon is related 
entirely to the interactions between R,SnCl, --n 

(n = 1,2) and the epoxy compounds. Namely, the 
formation of complexes or the generation of 
P-chloroalkoxides, both of which would be ex- 
pected to reduce the Lewis acid strength of 
R,SnCl, -". 

A possible alternative mechanism for this syner- 
gism could be the rcgeneration of an organotin 
mercaptoester/chloride (Scheme 22). 

The work of Van Hoang and co-workers could 
be usefully extended to include studies of the 
intermediate mercaptoester/chlorides. 



112 Mechanistic aspects of the thermal stabilisation of PVC by organotin compounds 

H 
0 c1 

RnSnCll-, + HSCH2COZR' + /o, RnSnCl3_, SCH2CO2R' + X 

Scheme 22 

CONCLUSION 

In the past the replacement of allylic chlorine 
moieties within PVC by carboxylic or thiolic 
groups (initially attached to the organotin com- 
pounds) was believed to be the most important 
stabilising reaction. More recent work, however, 
suggests that replacement of allylic chlorine 
groups within the PVC plays a relatively small 
role in the stabilisation proccss. The studies 
performed by Scott's group have shown that, 
particularly under conditions of dynamic shear, 
the degradation/stabilisation process proceeds by 
a complex sequence of  free radical reactions. It 
is likely, therefore, that the degradation of un- 
stabilised PVC proceeds by a combination of the 
ionic and free radical mechanisms. 

There is obviously scope for further work in 
this area. On the model compound side it would 
be interesting to resolve the mechanistic dif- 
ferences which have been observed for the reac- 
tions of dialkyltin bis thioglycollate esters and 
monoalkyltin tris thiolates with allylic chlorine 
entities. Also an extension of Michel's work on 
epoxy/al kyltin synergism to mixed thioglycollate 
esterlchloride compounds would perhaps be 
worthwhile. 

Mono/di synergism plays a significant role in 
the formulation of any commercial alkylthiotin 
stabiliser system. An extension of the work per- 
formed on Cl/mercaptoester exchange equilibria 
to temperatures approaching more rcalistic pro- 
cessing conditions would, therefore, certainly be 
informative. The in situ studies performed by 
Scott's group could also usefully be extended to 
include mono/di synergism and also to include 
other processing techniques. 

From a commercial point of view it would also 
be of interest to extend thc work of Bellenger et 
al. on the in situ generation of dialkyltin thiogly- 
collate during stabilisation by dialkyltin bis 
thioglycollate esters. 

One area, discussed only briefly in this review, 
is that of the loss of volatile organotin chlorides 
during the processing of PVC. This effect could be 

[ R ,  R' ,R" ,R '"  = alkyl) 

particularly important with methyltin stabilisers 
and may have a marked effect on synergistic 
optima. 

It is believed that such mechanistic studies 
could help to improve our basic understanding of 
the stabilisation of PVC by organotin 
compounds. 
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