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Alkyl-hydroxybenzylthioethers are efficient storage and processing stabilizers for elastomers
and adhesives. Especially alkyl-(2-hydroxybenzyl)thioethers represent an intramolecular
combination of a primary and secondary antioxidant, i.e. a phenolic and a thioether moiety in
an optimized spatial arrangement. The mechanism of their intramolecular synergism was
investigated. The best overall stabilizers are 2,4-bis(alkylthiomethyl)-6-methylphenols, e.g.
AO1, in contrast to 2,6-dialkyl-4-alkylthiomethylphenols(B), 4-alkyl-2,6-bis(alkylthio-
methyl)phenols C.

AO1
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276 HANSRUDOLF MEIER etal.

1. Introduction
The goal of this paper is to present and discuss the relevant reactions of sulfur
containing phenolic antioxidants for elastomers during stabilization and grafting.

2. Critical Steps in Stabilization of Elastomers
Degradation
The degradation of the majority of synthetic elastomers based on polydienes consists
mainly in crosslinking of the polymer, earned by accumulation of C-centered
polymeric radicals 1* which are formed in a similar way as with other hydrocarbon
based polymers according to a widely accepted mechanism M (scheme 2). According
to this mechanism, initially generated C-centered radicals add molecular oxygen in a
fast step, giving rise to macroaUcylperoxy radicals. These radicals abstract hydrogen
atoms from the polymer hydrocarbon chains, thereby forming new C-centered radicals
(first cycle) and macroalkylbydroperoxides. The latter undergo bomolytic scission of
the O-O bond, especially at temperatures above 100*C and give rise to macroalkoxy
and hydroxy radicals (scheme 2). These radicals are even more active than
hydroperoxy radicals and propagate the chain by hydrogen abstraction and formation
of C-centered radicals in a second cycle. After consumption of oxygen, the
accumulated radicals can either undergo crosslinking reactions or chain scission
reactions (eg. with tertiary alkylperoxy radicals). Depending on the nature of the
polyene or polydiene, one type of degradation predominates; most polydienes except
polyisoprene tend to an overall crosslinking.'
Inhibition

Primary antioxidants, e.g. BHT, AO1 or other phenols with substituted ortho- and
para-positions can break the first cycle of the chain reactions by donating a hydrogen
atom to macroalkylperoxy radicals (this leads to more stable phenoxy radicals which
do not propagate the radical chain). Secondary antioxidants, eg- thjoetbers, on the
other hand, prevent the second cycle by reduction of the macroalkylhydroperoxides to
the corresponding alcohols. These two reactions are assumed to be the most important
steps which contribute to a net stabilization of the polymer against thermooxidative
degradation M(scheme 2a).
The allylic C-H bonds in polybutadiene, a typical elastomer, are attacked at a higher
rate than C-H bonds in simple polyalkenes such as polypropylene l . Therefore,
autoxidation and crosslinking occurs already at relatively low temperatures.
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Scheme 2
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278 HANSRUDOLF MEIER et al.

Scheme 2a: Primary and Secondary antioxWants

Primary Antioxidants (Phenols, Amines):

BHT:R- = Methyl
B.B.HO-? Nh-R" A O 2 ; R - .

t-Bu

Secondary Anttoxktarts (Synwgists: S and P compounds):

POOH + R-S-FT — POH + R-St=O)-R"

e.g. TS1 = S-ICHJCHJCOOC^H^S), « DLTDP

Critical in polydiene production and processing are the drying step (ca. 80-120°C) and
the processing of the raw polymer in a Banbury mixer (ca. 160°Q before
vulcanization (scheme 3). The second step is more critical; classical phenolic
antioxidants, e.g. AO2 cannot provide any substantial stabilization, even in
combination with common secondaiy antioxidants, for instance TS 1 (induction times
of oven ageing at 80°C and of processing in Brabender extruder at 160°C, substrate:
polybutadiene (BR). table 1, cf. scheme 2a).

Scheme 3: Antioxidants in Rubber Production

MGNOhERS

h1 7\<Ph»noQ

RAW RUBBER tg. BUTACXBE RUBBER

(Arrtne)

VULOMZED RUBBER
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SULFUR CONTAINING PHENOLIC ANTIOXIDANTS 279

Table 1: Classical and Sulfur Containing Phenolic Antioxidants in BR

StabifizeM

0.25% AO2
(classical phenol)

0.2S % AO2
(classical phenol)

0.25 % AO1 (sulfur
containing phenol)

Stabilizer 2

0.5%TS1
(thiosynergrtt)

Brabender (160°C)
t(ind)[min]

4

4

50

Oven Test (80'C)
t(ind)(weeks]

2

22

26

3. Autosynergistic Sulfur Containing Phenols
It was found by Scott2 Pospisil 3 that the efficiency of phenolic stabilizers is improved
if they contain a thioether function. Recently, we proved the intramolecular nature of
the synergism in AO1 by comparing its efficiency with that of a mixture of O-methyl-
AO1 and 2,4-didecyl-6-methylphenol5. We could show that in most elastomers 2,4- .
bis-functionalized phenols such as AO1 provide the best overall protection amongst a
variety of tested sulfur containing phenols s.
Influence of structure on efficiency at S0°C (oven lest) and 160 "C (Brabender test):
AO1 reaches distinctly higher induction times in the Brabender test than all
4-functionaIized phenols AO3-AOS. the 2,6-bis-fuoctionalized products AO6, AO6a
and AO7, the monofunctionalized phenol AO8 with unsubstituted ortho-position as
well as the commercial product AO9, which is a product by process containing AO7
and AO8 as major sulfur containing phenols (table 2).
The results of compounds AO6, AO6a, AO6b, AO7 and AO11 show that for ortho-
functionalised phenols tertiary alkyl groups in the ortho- or para-position reduce the
antioxidant activity significantly. A similar reduction is observed for compounds with
free ortho- or para-positions(AO8 and AO10), which are prone to other oxidativc
processes, providing C,C-coupling products **.
The para-cresol derivative AO6b reaches similar efficiency in the Brabender test;
however, to obtain an optimal antioxidant activity in the oven test at 80°C, a para-
alkylthiomethyl group is required apparently, more or less independent of the nature
of the alkyl ring substituent(cf. table 2).
Also the relative hydrogen transfer rates k(rel)a (measured with DPPH as a model for
macroalkylhydroperoxy radicals, see table 2; mesitol(2,4,6-trimethylphenol): k(rel) =
17.1, oven test/Brabender test 2 weeks/3 min; BHT(2.6-di-t-butyl-para-cresol): k(rel)
= 0.36; oven test/Brabender test: 2 weeks/5 min; 2,4-didecyl-6-methylpbenol3: k(rel)
= 10.4, oven test/Brabender test: 2 weeks/3 min) of the different phenols do not seem
to have an influence on the stabilizer efficiency in the oven test. However, it seems
that in order to obtain a high antioxidant acitivity in the Brabender test, the hydrogen
transfer rate has to be within an optimal range. A very slow trapping of peroxy
radicals would possibly be equivalent with a starting competition between substrate C-
H and inhibitor O-H bonds for hydrogen abstraction.
The outstanding results of AO1, AO6b and AO 10a in the Brabender test clearly
demonstrate the presence of an ortho-effect under processing conditions.
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280 HANSRUDOLF MEIER el al.

Recent tests have shown that the length of the spacer between the phenolic moiety and
die thioether group U critical. AOlOb and AOlOc, bomologs and of AOlOa with two
and three methylene groups, respectively, (AOlOa with side chain -{CJthSCjHn and
•(CH&SCiHn, respectively, instead of -CHjSCtHn) showed a reduced Brabender
activity as compared to that of AOlOa: t(ind) (Brabender test at 160°C in BR) AOlOb
4 min; AOlOc 16 min (c(antioxidant) = 0.25 %), cf. table 2.

4. Mechanistic Explanation of the ortho-Effect in AO1
We assume that AO1 traps macroalkylperoxy radicals POO efficiently in a kind of
"tandem reaction" 5. Abstraction of a hydrogen atom from AO1 ("primary
antioxidant") and reduction of the resulting POOH to POH("secondary antioxidant")
are either simultaneous or the reduction step immediately follows the hydrogen
abstraction (scheme 4): the cage reaction (cf.6) is apparently much faster than the
corresponding escape reaction. In contrast to this, synergistic mixtures of a phenol and
a thioether do not suppress the formation and cleavage of "free" POOH fast enough
under processing conditions and thus the propagation of the radical chain reaction.
An "ortho-effect" accounts for the much more efficient stabilization by
2-alkylthiomethylpbenols as compared to the corresponding pan-functionalized
derivatives in the Brabender test (see table 2): the ratio k(cage reductionyk(escape) is
plausibly larger due to the shorter initial distance between the two reaction
sites(scbenie 4).
The above mentioned bomologs of AOlOa with a slightly larger spacer
-(CHi)^CiHi7. bearing a side chain with n = 2(AO 10b) or n = 3 (AOlOc) have a
significantly lower activity than AOlOa (n = 1). The predominance of the cage
reaction is probably reduced due to the longer spacer group. In the case of AOlOb,
however, a strong pro-oxidative effect of a transformation product (see chapter 7)
might supersede the expected reduced antioxidant effect of the phenolic thioetber.
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Table 2: Brabender Induction Period of Butadiene Rubber Stabilized with
0.25 % AO(160°C) and Oven Ageing Induction Period (80°C) with 0.25 % AO

Stabler (k(rel), Hydrogen
Transfer Rale to DPPH*)

AO1 (1.0)

(H = CHjS-Octyf. FT = CH>)

ACM (0.27)

AO4 (0.1)

AOS (7.94)

AO6 (0.26) R = t-butyt

AO6a(0.4d)R = t-octyt

AO6b(0.57)R = CH,

AO7 (0.32)

AO6

AO9 (commercial)

AO10. R = H. R' - CH, (2.95)

AO10a,FU R'=.CH,(1.06)

AOn.R-CHjSOctyl ,
FT = t-Bufyt (0.55)

Structure

HO—^7/~ "

S.A06

S.AO6

H

AO7+ AO6 +other
components

s. AO1

S.AO1

S.AO1

Oven Ageing
BO'C (weeks)

2«

25

17

3S

15

17

13

14

n.a.

15

a

20

12

Brabender (160°C):
t(ind)[min]

SO

16

12

6

27

30

51

24

20

31

40

44

24
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282 HANSRUDOLF MEIER etal

Scheme 4: Reaction of Macroalky) Peroxy Radicals with AO1

P-H
P-OOH " " P - O + H O " chain propagation

d. MW1973

5. Oxidation Products of AO1
By extraction with acetone, AOl-o-SO (besides a small amount AOl-p-SO. see fig.
Sa and scheme 3b) was shown to be the primary transformation product found in the
aged polymer (oven ageing at 60 and 80°C)] whereas at elevated temperature
(>130°C) neither of the oxidation products could be detected in the extract AOl also
provides more AOl-o-SO than AOl-p-SO, if the oxidation is carried out in a solvent
with H2O2 or an organic hydropcroxide. This is obviously the result of an
intramolecular acid catalysis by the phenolic OH group **"7.
Both, AOl-o-SO and AOl-p-SO, are still active antioxidants (Brabender 160°C, c =
0.2S %: t(ind)= 28 and 17 rain, respectively).
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Fig. 5a. Formation of AO1-O-SO During Oven Ageing of BR Containing
1.78%AO1at80°C
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284 HANSRUDOLF MEIER etal.

Scheme 5b: Oxidation Products of A01 Found in the Substrate

AOI-o-SO (major) AOI-p-SO

6. Grafting of A01

Sulfur analysis of extracted polybutadiene indicated that during ageing a part of the
antioxidant AOl is grafted to the polymer (fig. 6; cf. experimental part, table 6). Since
this grafting is much faster with the transformation product AOl-o-SO, we assume
that the latter is the key intermediate for grafting. Subsequently, 'H-NMR studies of
the polymer revealed that the same grafting product A is formed after ageing under
various conditions if AOl or the corresponding "ortho-sulfoxide" AOl-o-SO is added
to the polymer before ageing. A typical singlet at c t 3.6 ppm(assigned to benzylic
protons of the (unchanged) para substituent) as well as two aromatic meta protons
around 6.9 ppm(all other signals arc either masked by the polymer or expected to be
very broad) are in agreement with (a) a Diels-Alder addition product or (b) a radical
addition product to the intermediate ortho-quinone methide (OQM) (formation of
graftable intermediates, see scheme 7).
Analysis of the 'H-NMR integrals of - C H ^ resonances indicates that at least part
of the intermediate octyl sulfenic acid is also grafted Since the polymer itself also
contributes to the -CHjQfc integral, a clear proof has been established with l9F-NMR
spectroscopy and 19F marked side chains (see paragraph 10 and experimental part,
table 6).
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Fig. 6: Decrease of AO1 and AOI-o-SO and Increase of Non-Extractable
Sulfur Content in BR

Ovm Ageing of Pofybubdten*: [Weak*] *t 80C

0 4 8 12 16 20 30

1 % AOI-o-SO
• %AO1
-AO1-o-SQ:%S
-AO1:%S

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
4
:
0
6
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



286 HANSRUDOLF MEIER etal.

Scheme 7: Grafting of A01

'H

AO1

(Oct •> n-octyO

S-Ocl

The intermediate formation of OQM is confirmed by the isolation of a small amount
of the Diets-Alder adduct DA 1 in a preparative thermolysis of the model sulfoxide
AOlOa-o-SO at 165"C in vinylene carbonate (VC) (scheme 8) (see experimental
part).

Scheme 8. Model DA reaction

1B5*C

4h

VC

7. Thermal Behavior of AOI-o-SO and Related Compounds
The hydrogen transfer rates from DPPH(see table 2) and the oxidation rates of the
isomeric thioethers AOl(linear side chain) and A012(oc-bnncbed tertiary side chain)
to the sulfoxide(s) (in perdeuterated acetonitrile solution with cumylhydroperoxide at
60 *C **) are of the same order of magnitude. We found, however, a striking
difference in the processing stabilizer activities of the two isomeric compounds
(table 3).
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Table 3. n-Alkyl vs. t-Alkyl Benzytthioethers

Stabilizer

AO1

AO12

Structure

S-tvOO*

/ = \ S-t-Octf

S-1-Octyt

<(rel), Hydrogen Transfer
=late to DPPH

t

0.82

Srabender
(160°C):t(ind)[min]

50

8

This directed our attention to the stability of the corresponding sulfoxides and/or the
nature of the products formed by thermolysis of the sulfoxides.
Consequently, we studied the thermal decomposition of sulfoxides AOl-o-SO, AO12-
o-SO and related compounds (table 4) as well as the influence of the sulfoxide
structure on elastomer stabilization at processing temperatures.
It has been demonstrated that sulfoxides, as primary oxidation products of thioethcrs,
themselves are not the active species in catalytic non-radical decomposition of
hydroperoxides in model experiments *• **. However, sulfenic acids, e.g. t-CiHs-SOH
generated in situ by sulfoxide thermolysis, immediately decompose hydroperoxides8.
Activity in hydroperoxide decomposition in model systems (<100°Q was shown to be
related to the thermal instability of the sulfoxide formed ***. Dialkyl sulfoxides
thermally give rise to alkenes and alkanesulfenic acids *. Furthermore, the nature of
sulfenic acid produced from sulfoxides can play an important role M.
The data in table 4 demonstrate the influence of the structure of the sulfur substituent
on Brabender induction times.
Oven ageing of AOl-o-SO and AOlOa-o-SO in BR with high stabilizer concentration
(1-2%) and at an elevated temperature allowed us to estimate their rates of
decomposition. At 180°C the estimated half-Iifes (tm) of AOl-o-SO and AOlOa-o-SO
are 20 and 23 min, respectively. .
Surprisingly, at 180°C the decomposition rates for the sulfoxides AOl-o-SO and
AOlOa-o-SO with a linear alkyl substituent on sulfur are higher by a factor of two
than those of linear dialkyl sulfoxides **. These findings can be rationalized by the
elimination of the ortho-quinone methide OQM(scbeme 7) predominating over alkene
elimination from the alkyl side chain(cf. scheme 9). This is also the reason for the lack
of alkenes as major volatile decomposition products. At this temperature,
rearrangement reactions leading to formation of aldehydes and thiols via a homolytic
pathway were not observed. These reactions are reported to be much slower and
require significantly higher temperatures than alkene elimination ".
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Table 4: Brabender Induction Period of BR Stabilized with 0.25 % Sulfoxide

SuWoxkfe Structure Brabender (1EO*C):
t(lndMmln]

without

AOI-o-SO 28

AO10B-O-SO

C'C1H17

40

A012-O-SO

t-C,H17

t-C,H,7

AOt^o-SO

1-C.H,,

A014-O-SO

In contrast to the sulfoxides with linear alkyl sulfur substituenU (AOl-o-SO, AOlOa-
o-SO), the major volatile product of the (concerted) unimolecular thermal elimination
reaction of the sulfoxide AO 12-o-SO, bearing a t-octyl sulfur substituent, is an alkene
(Scheme 9; TG-FTIR- and *H-NMR-«vidence).
The estimated half life (tin) of AO 12-o-SO at 180°C is only about 0.18 min, i.e. about
hundred times smaller than that of AOl-o-SO. Similar results were obtained from
thermolysis of AO13-O-SO (see table S).
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Scheme 9: Dominant thermal decomposition route of A012-O-S0

AO12

S-OH

s+oct
(GLC, NMH)

Table 5: Hatf Lifes tt/a of Sulfoxides at Different Temperatures

Stabilizer
A01-o-SO(1.5%in
BR)"
AO10a-o-SO(1.7%in
BR)"
AO12-o-SO(neaf)D)

AO12-o-SO(neat)D)

AO13-o-SO(neat)o)

AO13-o-SO(neat)"'
AO14-o-SO{neat)e)

Temperature [°C1
180

1B0

180
160
180
160
160

Half Life t,,2 Tmin]
20

23

0.18
0.67
0.13
0.64
14 C )

*' oven ageing b>TG-FnR '' TG-FTTR/GLC-MS "still under investigation

Even though A014-O-SO is a sulfoxide with a linear alky] sulfur substitucnt, a
fluorinaled alkene could be detected as one of tbe major thermolysis products (TG-
FTTR).
Due to tbe electron withdrawing proporties of the perfluoroalkyl group in the side
chain, the decomposition rate of A014-O-SO is accelerated and thus the formation of
the perfluoroalkylalkeoe is "promoted". Similar effects found with other electron
withdrawing groups are reported by Shelton and coworkcrs * .
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The decomposition rate of the linear alkyl thioether AOlOa (a model compound for
AO1) is by four orders of magnitude slower than that of the tulfoxide AO12-O-SO and
by two orders of magnitude slower than that of AOl-o-SO or AO10a-o-SO
(DSC/GLC-MS evidence).
Therefore, n-a!kyl 2-hydroxybenzyl thioetbers such as AO1 can be considered as
thermally stable under normal rubber processing conditions.
At first sight it seems that a short half life of the sulfoxide at processing temperature is
equivalent with poor processing stability .The more stable AOl-o-SO and
AOlOa-o-SO, probably give rue to traces of strong acids which decompose
hydroperoxides CBlMYtrcnUY u ^ a P f o c e s s i j 5g conditions (via a non-radical pathway
according to ' . This could explain the surprisingly high efficiency of
n-alkyl 2-(hydroxybenzyl)-thioetbers, in addition to the "tandem mechanism" (chapter
4).
In the case of the less stable sulfoxides we assume an antagonism between phenolic
thioetbers and sulfenic, sulfinic or sulfonic acids(fonned by thermolysis of sulfoxide*
(and subsequent oxidation)) in high concentration *• **. Common alkane sulfenic acids
are known to be thermally unstable and eliminate water, giving rise to thiolsulfinates,
which dissociate to radicals if they are derived from simple alkane sulfenic acids, the
major isolated products being dialkyl disulfides '.We could observe formation of
variable amounts of dioctyldisulfide in all grafting experiments with AO1, AOl-o-SO
and AOlOa-oSO (see experimental part, table 6) which increase with longer ageing
periods
Benzylic thiolsulfinates, however, such as those formed from t-alkylbenzylsulfoxides
(scheme 9), are reported to be decomposed already at 100°C to benzylic sulfenk acid
and thiobeozaldehydes *•, which most probably are active chain propagators (scheme
9a).
Another unusual behavior is observed in the case of 2,4-dimethy l-6-(2'-octy lthio-
ethyljphenol (AOlOb; see chapter 3). We assume that a fast formation of the
corresponding sulfoxide AOlOb-o-SO occurs during processing, the thermolysis of
which should give rise to a stymie derivative(scheme 9b, cf."). The latter is expected
to propagate the radical chain significantly and therefore its pro-oxidative effect seems
to supersede the antioxidative effect of the thioether AO1 Ob. Further work is planned
to confirm this assumption.
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Scheme 9a

2 R-S-OH ',. I . [R-S(=O)-S-R] (thlolsulfinate) general reaction

R - Alkvl: thlolsutfinate — R-S-+ R-S(-O)-

Thiyl radical R-S- "" grafting

Sulfinyl radical R-S(=O)- »- poor grafting

r .
O H OH

Chain Propagation

Ar-CH=S + P- *~ Af-CH(-S-P)-

Ar-CH(-S-P)+P-H Ar-CH,-S-P + P-

Scheme 9b

AO10b AOIOb-o-SO (chain propagation)

8. Reaction of Phenoxy Radicals in Solution (CIDNP
Experiments)

In CIDNP experiments nuclear spin polarization is observed for products related to
radical pair reactions immediately after formation of the product (i.e. between 100 ns
and a few seconds). CIDNP experiments with AO1 and BHT lead to the following
conclusions: In the absence of the elastomer substrate, these antioxidants preferably
dimerize to C,O-dimers, e.g. Dl and D2 (scheme 10)3'6*. No polarizations were
observed for the disproportionation products AO1 and BHT, respectively and the
corresponding para-quinone methides, e.g. PQM1 !'6t. This indicates that
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disproportionation is much slower than dimerization. However these
disproportionation products can be formed from the dimer as intermediate. Similar
experiments were performed with BUT and peroxy radicals, leading to the analog
radical recombination productstk.
Thus, in the substrate, i.e. in the presence of macroalkylperoxy radicals P-OO, the
phenoxy radical AO1' could give rise to a CO-coupling product E - in analogy to the
formation of dimers D l - which in turn could be decomposed, e.g. to PQM1 and a
macroallcyl hydroperoxide P-OOH(scheme 10).
If one follows the phenoxy radicals in ESR-cxperiments for a time interval larger than
a few seconds, one observes that the phenoxy radical arising from AO1 is less stable
than that arising from BHT; this indicates that depending on the surrounding matrix
and the radical concentrations, reactions - mainly on the thioether side chain - start to
compete with dimerization.

9. para-Quinone Methides from AO1

We recently reported an efficient addition of C-centered radicals to the substituted
para-quinone methide PQM1 (scheme 10), obtained by oxidation of AO1 with
KjFe(CN)«, a member of a class of interesting synthons for 4-hydroxybenzaldehydes,
asymmetric 4-hydroxybenzaldehydedithioacetals and 4-hydroxytrithioortho
benzoates '. This demonstrates that quinone methides are efficient traps for C-
centered radicals and thus could be grafted to the polymer chain (cf. scheme 7, path
(b)). Even PQM1 is also an active processing stabilizer in polybutadiene (Brabender
160°C, c = 0.25 %: t(ind) = 20 min). It could, however, not yet be estimated to what
degree PQM1 contributes to stabilization in the substrate; under processing
conditions, PQM1 is too reactive to be detected.
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Scheme 10: Reactions of the Radical AO1 ° (R = Octyl)

02

D1 s-R

S-R

POO ^ S R

PQM1 + POOH

10. The Grafting of the Side Chain

Brabender experiments with AOl-o-SO in polybutadiene and subsequent 'H-NMR
experiments (see chapter 6) proved the intermediate formation of an ortho-quisooe
methide and octanesulfenic acid (scheme 7). While the 'H-NMR spectra showed
clearly that an important part of the quinone methide is grafted to the polybutadiene
backbone, there was no unambiguous answer about the grafting of the sulfenic acid. In
order to answer this important question, we carried out Brabender ageing experiments
of polybutadiene, using stabilizer AOIS-o-SO which bears a partially fluorinated alkyl
group (with no pVhydrogen atoms) on the sulfur atom(scheme 11).
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Scheme 11

n = a AO15
n - 1 : AO15-O-SO

After compounding of the polymer on a roll mill or in a Brabender, respectively, and
exhaustive extraction with acetoae(cf. table 6 in experimental part), the "F-NMR
spectrum of the polymer revealed two groups of resonances at approximately -61.2
ppm and -66.6ppm vs. CFCb, the integral of the second group being distinctly larger
than the one of the first While me chemical shift values are the same in different
experiments, the relative intensities (integrals) of the individual resonances depend on
the parameters of the ageing experiment The "F-NMR spectra indicate that grafting
in polybutadiene is a well defined process occurring at certain polymer sites.
Comparing the "F- chemical shift values in the polymer with those of AO1S (-66.5
ppm) and AO15-SO (-60.8 ppm) leads to the assignement of the polymer resonances
to the two sulfur oxidation states, with the conclusion that both oxidation states are
present in the side chains grafted to the polymer, the larger component being of the
thioether type. This could mean that the sulfenic acid R-SOH is transformed into
sulfinyl radicals R-JT, which are grafted to a Urge extent, and sulfinyl radicals R-
S(=O)', which are grafted to a smaller extent(scheme 9a). Such a reaction would be in
agreement with the common assumption that thiyl radical* are more reactive in
grafting than sulfinyl radicals. The grafted thioether side chains-will certainly
contribute to the stabilization of the polymer. It is therefore plausible to assign the "F-
NMR signals at 61.2 ppm mainly to products of a partial oxidation of the major
grafting products.

11. Conclusions

To. our knowledge, AO1 is the best overall processing and storage stabilizer for most
elastomers. It is an optimized compound in the family of sulfur containing phenols. It
undergoes different reactions most of which contribute to a high net stabilizing effect
A striking feature of the stabilizer AO1 is that Dearly all transformation products are
themselves active antioxidants.
A part of the stabilizer is also grafted to the polymer, this is most likely to occur
through the intermediacy of the ortho-quinone methide OQM, formed by thermal
cleavage of the corresponding "ortbo-sulfoxide" AOl-o-SO. There are strong
indications that in the case of n-alkylthiomethylpbenols also the transformation
products of the unstable alkane sulfenic acids are substantially grafted.
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As for processing stabilizer activity the following observations were made: Bulky
substituents in the ortho- as well as the para-position lead to a drop of the antioxidant
activity; most of the 2,6-bisfunctionalized products, e.g. AO8, a major component of
the commercial stabilizer AO9 show a significantly lower performance.
Unsubstituted ortho- or para-positions also seem to reduce the antioxidant activity.

n-Alkanesulfenic acids, which are slowly formed from the more stable sulfoxides such
as AOl-o-SO, and/or their reaction products seem to catalyse a non-radical
decomposition of hydroperoxides(cf. *• **). This catalytic process and a fast
stoichiometric cage process ("tandem reaction") seem to contribute to a net stabilizing
effect and enhance the performance of AO1 and its family under processing
conditions by an order of magnitude as compared to combinations of classical phenols
and thiosynergists.

In contrast to n-a//ty/-2-hydroxybenzyllhioethers, tertiary alky! analogs show
a striking breakdown of the processing stabilizer activity; obviously the corresponding
intermediate sulfoxide undergoes a different elimination reaction, giving rise to an
olefin and a benzylic sulfenic acid.
We assume an antagonism between phenolic thioethers and high concentrations of
acidic thermolysis products of the unstable sulfoxides and/or thiobenzaldehydes,

respectively.

We acknowledge Ciba Specialty Chemicals for supporting this work.

Experimental Part

Application tests: Oven ageing induction time [weeks] at a given temperature is
defined as oven ageing time of 10 mm compression molded rubber sheets until gel
content exceeds 2.0% (w/w) '.
Brabender ageing: The induction time is defined as time [min] to an increase of the
torque by 1 Nm after the minimum5.
Grafting experiments(butadiene rubber): Sulfur content by elemental analysis.
Extractions of polybutadiene: The rubber was compression molded to 2mm sheets
after grafting experiments and subsequently extracted 3 days with acetone in a Soxlct
apparatus. The concentration of the products was determined by HPLC of acetone
extracts.
ESR-experiments: in toluene solution, DPPH = 2,2-diphenyl-l-pikrylhydrazyl
radical*.
The CIDNP experiments were performed on a Bruker AM-200 wide bore
spectrometer with probe heads modified for in situ irradiation. The light source was a
Lambda Physics dye laser operated with diphenylstilbene (404.5 nm) which was
pumped by a Questek exciroer laser (XeCl, 3O8nm).
H- and "F-NMR-experiments with dissolved polymers were carried out on a Varian

Unity 500 (500 Mhz) spectrometer.
TG-FTTR: Experiments were performed on a Netzsch Thermo-Microbalance TG 209,
coupled to a Bruker FTTR Spectrometer IFS 28. The isothermal TG measurements
with 2.S mg samples were carried out at different temperatures (116-164°C) in a
dynamic N 2 atmosphere. The FTIR spectra were recorded in the wave number range
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4500-550 cm"1 and 20 spectra coadded every 7 seconds. With this range of data, it was
possible to estimate the half-life (t1/2) for further temperatures.
DSCA3LC-MS: A 1.5 mg sample in a hermetically sealed pan (under Nj atmosphere)
was treated thermally in a Differentia] Scanning Calorimeter (Ferltin Elmer DSC 7).
After cooling down, the pan was opened and the reaction mixture dissolved in
CHjCh.
GLC-MS data was obtained using a FISONS Instruments GC 8000 gas chromatograph
coupled to a MD 800 quadrupole mass spectrometer (mass range 10-800).

Synthesis *
General: see '; TLC: [A] = hexane/ethyl acetate 49:1; [B] = hexane/ethyl acetate .
19:1;[C] = bexane/ethyl acetate 4:1. AO13; AO3 '. AO4 1 0; AOS was synthesized in
analogy to AO4 5. yield 74.2 %, b.p. 182-185°C/0.O4 mbar, yellowish oil. 'H-NMR:
6.9O(s, 2 arom. H). 3.59 (s. Ar-CHj), 2.41(L J = 7. CH2CH2S). 2.21 (s, Ar-CH3).
1.56(quintet, ] = 7. CtfcCHjS), U6(m, (CH2M. 0.88 (t, J = 7, CH3CHi). Anal. cak.
for C,7HaOS (280.47), C 72.80; H 10.06; S 11.43; found C 72.86; H 10.25; S 11.19.
AO6, AO6a (32,6-BU-(octylthiomethylH-(l>l,33-tetramcthylbutyl)pbenol) and and
AO6b "; AO7 and AOS were synthesized in analogy to AOS, using a 1:1:1 molar
ratio of p-t-Dooylpbenol, dodecanethio] and para-formaldehyde (0.115 mol);
separation of the reaction mixture on a silicagel column provided 5.37 g (14%) of
AO7 as a coloriess liquid. X, [A] = 0.34. 'H-NMR: 7.04 (s, OH); 6.86-6.69(m, 2 ar.
H), 3.57(5, ArCHiS). 2.2-2.1 (m. SCH2CH1); l.40-1.25(m. SCHjQfe), 1.02 und
036(m, t-C&nY, anal. calc. for Q^wOSj (649.15), C 75.86; H 11.80; S 9.88; found
C 77.09; H 12.02; S 8.71
and 12.31g (27 * ) of AO8 as a colorless liquid, X, [A] = 0.23. 'H-NMR: 7.06 (s, OH),
7.0-6.3(m, 3H); 3.60(s, ArCHjS), 2.14(m, SCifcCH,); 1.5O-O.5O(m, SCHiQLandt-
C^Hn). Anal. calc. for C2iH5oOS(434.77), C 77.35; H 11.59; S 7.37; found C 77.81;
H 11.57; S 6.77. AO10 was synthesized according toIS: yield 45 %, b.p.
m-C/O.Olmbar. 'H-NMR: 7.15-7.05 and 6.9-6.7 (m, 3 aromaLH); 4.75(br. s, OH);
3.78 (s, Ar-CHj-S); 2.37 (t, J = 7. SCH2CH2); 2.25 (s, Ar-CH3); 1.53(quintet, J = 7.
SCH2CHj); 1.23 (m, 10H); 0.87 (t, J = 7. CHJCHJ). Anal. calc. for Ci6HMOS(226.45):
C 72.13; H 9.64; S 12.03; found C 72.13; H 9.80; S 11.70. AO10a5.AOll ";
AOlOb: This phenol was prepared in a multistep sequence from 5,7-DimethyI-3H-
benzofunn-2-one which was synthesized in analogy to "*, yield 19 % (sublimation at
120-140<>O0.002 mbar). m.p. 123-125«C. 'H-NMR: 6.88(s. 2 aromaL H); 3.65(s,
CH0;'2-28 and 2.25 (2s, Ar-CH3). Anal. calc. for C10H10O3 (162.19), C 74.06; H
6.21; found C 73.86; H 6.15.2,4-dimethyl-6-(2'-hydroxyethyl)pbcnol: The
benzufunnone was reduced in methanolic solution whh NaBH« and the product was
purified after the standard work-up by recristallization from toluene, yield 78 %, m.p.
77-78*C 'H-NMR: 7.47(s. OH), 6.78 and 6.65 (2br. s. aromat H); 3.89(quartet, J = 7.
O-CHj); 2.77(t. J = 7, Ar-CHi); 2.24(m, OH); 2.16(s, Ar-CH3). AnaL calcfor
CioHuOj (166.22), C 72.26; H 8.49; found C 7Z18; H 8.32.). 2,4-dimelhyl-6-(2--
bromoethyl)pbenol: A solution of 2,4-dimethyI-6-<2'-hydroxyethyl)pbenol (9.97 g, 60
mrool) in 78 ml 33 % HBr in AcOH was stirred for 1 h at 100°C. After standard work-
up, the residue was submitted to bulb to bulb distillation (100°CA).01 mmbar) and
further purified by flash chromatography on silicagel (eluant hexane/ethyl acetate 9:1),
brownish liquid, yield 15 %, X, [ q = 0.51. 'H-NMR: 6.77 and 6.72 (2 br. s. aromaL
H); 4.53(s, OH); 3.52(t, J = 7, Br-CHj); 3.07(t. Ar-CHj); 2.15 and 2.14(2s, Ar-CHj).
The product was further purified and the OH group protected by a standard treatment
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with 1 equivalent of ClSiMe3 and EtjN, yield after bulb to bulb distillation
(105°C/0.02 mbar) 73 % (2.4-dimethyl-6-(2'-broraoethyl)-0-trimethyUilylphenol),
colorless liquid; 'H-NMR: 6.82 and 6.75 (2 br. s, aromaL H); 3.48(t, J = 7. Br-CH2);
3.06(t. Ar-CH2); 2.19 and 2.14 (2s. Ar-CH3); 0.24(s, Si(CH3)3). 5.36 g (17.8 mmol) of
this product was dissolved in 30 ml toluene and allowed to react for 37 h at 100°C
with 17.8 mol of the sodium salt of octanethiol (prepared from 3.1 ml octaoethiol and
sodium hydride). After filtration of the reaction mixture, standard work-up and bulb to
bulb distillation, the crude 2.4-dimethyl-6-(2'-ocryItbioethyl)-0-trimethylsilylphenol
(1.75 g. 27 %; 'H-NMR: 6.79 and 6.77 (aromaL H); 2.70 (A2B2-system, 4H, Ar-CH2-
CH2); 2.520, J = 7. S-CHrCiHu); 2.21 ariU 2.15 (2s. Ar-CH3); 1.57(m, CJHU-CHJ-
CH2-S); 1.25 (m,(CH2)j); 0.87(t, J = 7. C_HjCH2); 0.24(s, Si(CH3)3)) was hydrolyzed
to the corresponding phenol: 1.69 g( 4.6 mmol) of the crude trimethylsilyl derivative
was treated for 45 min with 5ml 2N HO in 5 ml of acetone at 55". Then after standard
work-up the residue was submitted to bulb to bulb distillation; yield 1.10 g (82 %),
b.p. 15O°C/O.OO8 mbar. yellowish liquid, Kt [C] = 0.63. 'H-NMR: 6.73 and 6.68 (2 br.
s, aromat H); 5.49(s, OH); 2.79 and 2.70 (A2B2-system; 4H. Ar-CHrCHJ; 2.45 (t, J
= 7, S-CHi-CHu); 1.49(m, QJHIJ-CHJ-C^-S); 2.13(s, Ar-CH3); 1.18(m,(CHi)j);
0.80(1, J = 7, CJLCHJ. Anal. calc. for Ci,H3oOS(294.50): C 73.41; H 10.27; S 10.89;
found C 73.49; H 10.89; S 10.96.

AOlOc: A solution of 5g (30.8 mmol) 2-aUyl-4.6-dimethylphenol '*, 4.51 g (30.8
mmol) and 101 mg Azo-isobutyronitril (AIBN) in 20 ml toluene was stirred for 62 h
at 60"C (cf.1Jc). After evaporation of the solvent the residue (7.5 g) was submitted to
bulb to bulb distillation. The major fraction distilled at 135-140°C (0.005 mbar), 6.45
g (68%). yellowish liquid,*, [B]= 0.73. 'H-NMR: 6.58 (m, 2 aromaL H); 5.21 (br. S,
OH); 2.50(t, J = 7.Ar-CH2); 2.33(quarteL J = 7, S-CH2); 2.02 (s, Ar-CH3); 1.69
(quintet, J = 7, Ar-CHrCfli); 1.39 (quintet. J = 7, CtH|3-CHj-CH2-S); U (m,
(CHJs); 0.69(t. J = 7, CHjCH2). Anal. calc. for C,,H32OS(308.52): C 73.97; H 10.45;
S 10.39; found C 73.67; H 10.54; S 10.38.
AO11 "; AO12 IM; AO13, AO14 and AO15 were synthesized in analogy to M. AO13:
From 1,1,3,3-tetramethylbutanethioI. 98 %, yellowish oil, iff [B]= 0.57. 'H-NMR:
6.85 and 6.79 (m, 2 aromat. H); 3.77 (s, Ar-CHrS); 2.20 (s. Ar-CH3); 1.68 (s, 2H);
1.47 (s, 6 H); 1.03(s, 9H). Anal. calc. for Ci7HaOS(280.47): C 72.80; H 10.06; S
11.43; found C 72.35; H 10.10; S 11.03. AO14: From Lodync 921A (major
component: C6F|3CH2CHrSH), 76 %, colorless liquid, b.p. 10O-105°C/0.0O5mbar.
'H-NMR: 6-86 and 6.73 (s. 2 aromaL H); 5.74 (s, OH); 3.77 (s, Ar-CH2S); 2.6-2.5 (m,
2H); 2.4-2.1 (m, 2H); 2.20 ($, Ar-CH3). Anal. calc. for C,7HisFi3OS(514.34): C 39.70;
H 2.94; F48.02; S 6.23; foundC 39.67;H 3.08;F48.16; S 6.19. AO15: From2,2,2-
trifluoroethanethiol. 71%, colorless oil, b.p. 65"C/D.01mbar. 'H-NMR: 6.91 and 6.75
(s, 2 aromaL H); 5.54 (s, OH); 3.85 (s, Ar-CH2S); 2.94 (quartet, J(HFi = 10,
SCH2CF3); 2.21 (s. Ar-CH3). Anal. calc. for CnH,3F3OS(250.28): C 52.79; H 5.24; F
22.77;S 12.81 found C 53.18; H 5.26; F 22.19; S 12.67.
Oxidation products: AOl-o-SO and AOl-p-SO ". AOlOa-o-SO, AO12-O-SO, AO13-
o-SO, A014-0-SO and AO15-O-SO were synthesized in analogy to '*. AOlOa-o-SO
from AOlOa, yield 77 %, colorless liquid, R, [A]= 0.27. 'H-NMR: 9.1(S, OH); 6.93
and 6.64 (s, 2 aromaL H), 4.35 and 3,76 (AB-system, J = 14. Ar-CHz-SO); 2.75-2.5
(m. SCHJCHI); 2.24 (s. Ar-CH3); 1.8-1.6 (m, SCHICHJ); 1.5-1.2 (m, 10 H); 0.88 (t, J
= 7, CHjCrfe). Anal. calc. for C,7HaOjS (296.47): C 68.87; H 9.52; S 10.81; found C
68.93; H 9520; S 10.62. A012-0-SO from AO12:46.3 %, m.p. 107.5-108.5 °C(from
CHJC1J).'H-NMR: 9.17 (OH), 7.06 and 6.93(s, 2 aromaL H), 4.18 and 3^3 (AB-
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system, J = 13, Ar-CHj-SO), 3.66{s. Ar-CHrS); 2.88 (s. Ar-CHj); 1.8-1.4 (m, 16H),
1.09 and 1.04 (s, 18 H,(CH3)jC). Anal. calc. for C25H44O2S1 (440.73): C 68.13; H
10.06; S 14.55; found C 68.13; H 10.27; S 14.56.
AO13-o-SOfromAO13: 79*,m.p. 129.5-130.0 "C (from hexane).'H-NMR: 8.93
(s, OH); 6,90 and 6.74 (s, 2 aromaL H); 4,18 and 3,47(AB-system, J = 13,.
Ar-CHrSO); 2.21 (s. Ar-CH3); 1.75 and 1.52 (AB-system, J = 14. (CHJ)JC-CH2);
1,42 and 1,44 (s, (CH3)iQ; 1.07 (s. ( O f c ) ^ . Anal. calc. for Ci7HaOiS(296.47):
C 68.87; H 9.52; S 10.89; found C 68.71; H 9.73; S 10.89.
AO14-O-S0 from AO14:61 %, m.p. 92.5-93°C (from acetone); 'H-NMR; 8.30 (OH);
6.95 and 6.68 (s, 2 arotnat H); 4*42 and 3.84 (AB-system, J = 14. Ar-CHj-SO); 2.95-
2.8(ra, 2H); 2.7-2.35 (m, 2H), 2.23 (s,, Ar-CH3). Anal. calc. for
CnHi5Fi3OiS(530.34): C 38.50; H 2.85; F 46.57; S 6.05; found C 38.53; H 2.92; F
46.68; S 6.06. AOlS-o-SO from AO15: 60 %. m.p. 106.5-107.5'C(from
cyclobexane/toluene);' H-NMR: 8.16 (s. OH); 6.98 and 6.67(s. 2 aromaL H); 4.60 and
3.82(AB-system, J = 14. Ar-CHj-SO); 3 J5-3.20 (m, SCH2CP3); 2.23(s, Ar-CH3).
Anal., calc. for C,IH,JF3OIS(266.28): C49.62; H 4.92; F 21.40; S 12.04; found C
49.73 H 4.97; F 21.10; S 1Z09.
Thermolysis of the model sulfoxide AOlOa-o-SO (scheme 8). DAI: 5 g (0.0169 mol)
AO10a-o-SO and IS g (0.0174 mol) vinylenecarbooate were heated for 4 h to 165°C.
Distillation at 140°C (0.01 mbar) provided 0.06g(l %) of the Dieb-Alder adduct DAI
as white needles, m.p. 132-132.5*C (hexane); IR ( KBr): 1799.1785 (C=O).'H-
NMR: 6.92 and 6.8O(s, 2 aromat H); 6.3 l(d, J = 7.0-CH-O); 5.26(dxdxd, J| = 7. J2 =
3, h = 2. CHj-CH-O); 3.07 and 2.91 (AB-part of ABMX-system, J(AB) = 16. J(AM)
= 3, J(BM) = 2, CHj). MS: 220. Anal. calc. for C|iH12O4 (220.22): C 65.45; H 5.49;
found C 65.29; H 5.41. Column chromatography (hexane) of the distillation residue.
gave besides 0.27 g of dioctyl disuffide (GLC, IR) 1.65 g(35 %) of a white solid,
identified as 6,8-diinemyl-2-heptyl-3-thiachromane (TC), m.p. 49-50°C; 'H-NMR:
6.84 and 6.71 (s, 2 aromaL H); 5.08(dxd, J| = 7. Jj = 5; O-CH-S); 4.15 and 3.62 (AB-
system, J = 16, S-CHi); 2^1 and 2.16 (s, Ar-CHj); 2.1-1.9 (m, CHj-CH); 1.7-1.5 (m,
2H); 1.4-1.2(m. 8H); 0.89 (t, J = 7, CHJCHJ). MS: 278. Anal. cak. for Cj7HxOS
(278.45):C73.33;H9.41;S 11.51;foundC73.45;H9.54;S U.44.N3. The
formation of the ihiochromane compound TC(Pummerer rearrangement) will be
discussed in a subsequent paper.
PQMl'.
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Table 6: Results of Grafting Experiments in Butadiene Rubber

Stabilizer
(Concentration
[%])

AO1 (1.78)

AO1-o-SO(2.00)

AO1 (2.11)
AO1 (2.39)
AO1-o-SO(1.54)
AO10a-o-SO
(1.67)
AO1 (2.11)
AO1 (1.871
AO1-o-SO(2.07)
AO15-o-SO(2.0)

Ageing

Oven

Oven

Oven
Oven
Oven
Oven

Brab.
Brab.
Brab.
Brab.

Ageing
TemperatureCC)
/Time [mtn]

80/4w, 8w, 12w.
16w,20w, 30wb)

80/4v», 8w.12w
16w,20w, 30wb)t>

180/120
180/480
180/60
180/60

160°77
160°'/90
160a)/7
16O°715

Sulfur Content
After
Extraction [%]">
(by Elemental
Analysis)
1.2,3.1,4.3,
5.8 and 13.3
8.5,15,21,30,
36.7 and 46.7
6.25
31
55
45.6

2.2
17
34
56 (F: 52 %)

Stabilizer Found
After Ageing (in
% of Initial Con-
centration)01

99,96.3.92.3,
90.2, 83, 66.8
84.3, 59.5,47.8,
25.6, 7.3, <0.4
80.3
28
12.2
16.5

83
71
47.1
n.a.

"Brab. = Brabender b)w = weeks c)byHPLC ""mass temperature ca. 180°C

*' dioctyl disuMide content [ppm] (GLC): 4w: 120,8w: 520.12w: 1120.16w:
2430 and 2Ow. 2770 ppm *• % of initial concentration
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