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Abstract

The potential of thirteen aliphatic, aromatic, thiuram and heterocyclic substituted organic
disulfide derivatives of the general formula R-S-S-R’ as a new group of halogen-free flame
retardants (FR) for polypropylene films have been investigated. According to DIN 4102-1
standard ignitibility test, for the first time it has been demonstrated that many of the disulfides
alone can effectively provide flame retardancy and self-extinguishing properties to
polypropylene (PP) films at already very low concentrations of 0.5 wt%. In an effort to elucidate
the mechanism of the thermal decomposition of disulfide derivatives the fragmentation patterns
of the evolved gases from a thermogravimetric analyzer (TGA) have been analyzed by
simultaneous mass spectrometry (MS) and Fourier transform infrared spectrometry (FTIR). The
main decomposition products initiated by homolytic scission of the S-S bond and/or scission of
the C-S bond were identified as thiols, aliphatic and aromatic hydrocarbons, isothiocyanates
(depending on the disulfide structures) with further evolution of elemental sulfur and sulfur
dioxide at temperatures of above 300 °C and 450 °C, respectively. Based on this preliminary
study, we have shown that disulfides represented by e.g. diphenyl disulfide (1), 5,5"-dithiobis(2-
nitrobenzoic acid) (2), bis(1-phenyl-1H-tetrazol-5yl)-disulfide (4), 2-bisbenzothiazole-2,2'-
disulfide (6) and N,N-dithiobis-(phtalimide) (10) constitute a new halogen-free family of

additives for flame retarding of polypropylene.
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1. Introduction

Free radical processes play a vital role in many fields of organic chemistry including
combustion, auto-oxidation, polymerizations, vulcanizations as well as in living systems, since
they are also involved in both biological and even many pathological chain reactions [1,2]. In
general, free radicals are chemical species characterized by an odd number of orbital electrons or
by pairs of electrons of similar directional spin isolated singly in separate orbitals. In recent
years, in order to better understand the principles of free radical chain reactions, their formation,
structure, selectivity and reactivity have been the subject of intensive research [3-6]. Free radical
reactions frequently occur in gas phase although they can also occur in the liquid phase. They
often show an induction period and proceed by a chain reaction, which can be divided into three
distinct processes: initiation, propagation and termination. Usually formation of radicals is
initiated by radiation (e.g. light) [7], heat [8] (e.g. thermolysis of peroxide or azo compounds) or
redox systems [9]. Inhibition of radical processes is possible by derivatives (inhibitors), which
react rapidly with free radicals [10] (e.g. hydroquinone). These kinds of radical reactions are
rarely acid or base catalyzed and often proceed at a rate independent of the polarity of the

medium.

The lifetime for most of the generated free radicals is usually short. However, long-living
radicals also exist and can be classified into stable (molecular oxygen), persistent (TEMPO,
nitroxyl radicals) and diradicals (atmospheric oxygen). Various radical generators based on
different substance classes have had undoubtedly an impact on both polymer chemistry and have
played an important role in many different fields of natural sciences. In particular, free radicals
are involved in polymer degradation [11-14], controlled free radical polymerization [15],

grafting processes [16], cross-linking of polymers and chemical reactions (cyclizations,
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additions, decarboxylation) [17] and wide applications in biochemistry [18]. It is well known,
that free radicals are also important (and influence ignition, heat release, flame propagation
and/or flame quenching) as intermediates in the combustion reactions of various materials and
the flammability of a given material is strongly dependent on the concentration of free radicals

[19].

More recently, it has been shown that selected radical precursors may also play a significant role
as flame retardants for various polymers [20,21]. From the viewpoint of flame retardancy of
polymers mainly radical generators triggered by thermolysis or redox systems have been
successfully used to suppress and retard the fire response of polymeric materials [21,22]. In the
past it has been demonstrated that certain peroxides can be used as synergists to enhance the
action of brominated flame retardants (BFR) [23-29], whereas azo compounds [30] and
alkoxyamines [12,31] have been shown to provide self-extinguishing properties to polymers
even by themselves. Thus, it has been established that radical precursors that are capable of
generating various carbon (e.g. azoalkanes and related structures), oxygen (e.g. peroxides,
alkoxyamines) and nitrogen (e.g. triazenyl, alkoxyamines) centered radicals can be very useful as
flame retardant additives. These additives based on selective radical generators interrupt or
delay the combustion process that takes place in the gas phase by terminating the highly reactive
radicals OH* and O produced from the chain-branching reaction of combustion. Otherwise the
formed hydroxyl and oxygen radicals would continue to propagate and sustain the combustion

process.

As a consequence of this, we have been interested in the further design and application of
different free radical generators for use as novel halogen-free flame retardants. Our interest

towards disulfides R-S-S-R’ stems from the fact that they are a neat source to sulfur centered
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thiyl radicals, where the sulfur atom is bonded to only one substituent. As for alkoxyl radicals,
thiyl radicals have a plane of symmetry and two electronic structures of similar energy. The
unpaired electron lies in an orbital, which is either symmetric or antisymmetric with respect to
the plane. Compared to the O-O bond, the S-S bond requires significantly higher temperatures
(200 - 300 °C) than peroxides (80 - 150 °C) for thermolysis [32]. The higher thermal stability of
disulfides is also beneficial from the standpoint of polymer processing, since polypropylene is
normally processed at temperatures of ca. 230 °C or above. In contrast to alkoxy radicals they do
not undergo B—fragmentation reactions and they only abstract hydrogen with difficulty from
saturated hydrocarbons. Moreover the S-S bond possesses a unique character since it is an easily
isolable and at the same time is a very labile bond. The chemical structures of disulfides

evaluated in this study are depicted in Figure 1.
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Fig. 1. Molecular structures of disulfides.



Disulfides represent a class of compounds having the general structure R-S-S-R’ where R and R’
are either alkyl or aryl groups. They can be prepared in high yields by controlled oxidation of
thiols using different reagents and oxidants under a broad range of experimental conditions such
as sonication [33,34]. The selected compounds used for this study have found utility as rubber
vulcanization accelerators [35] (compounds 6 and 7), devulcanizators [36] (compound 1),
thermal stabilizers, corrosion inhibitors [37] (compound 6), agents for determination of thiol
groups [38] (compound 2) and/or initiators of polymerizations [39] (compound 12). In the past,
some combinations of flame retardants based on halogen or metal hydroxides in combination
with disulfides as synergists have been claimed [40]. For example some disulfides presented in
this paper (e.g. disulfide 6) are claimed to be effective flame retardant synergists with halogens
in polystyrene [23]. Moreover, elemental sulfur and other polysulfides are also known as
effective flame retardant components [41-45]. Recently, it has also been reported in the patent
literature that disulfides together with halogenated flame retardants enhance the flame retardant
properties of engineering plastics such as polyamides and polyesters [46,47]. In the past, a vast
number of both experimental and theoretical studies to assess the reaction mechanisms of the
thermal decomposition of different disulfide families have been performed. These research
efforts have yielded important information of sulfur compounds behavior at elevated
temperatures. In general, the S-S bond in disulfides is the weakest bond and there seems to be a
consensus that, independently of the structure it first undergoes homolytic cleavage, whereby
thiyl radicals are formed, as depicted in reactions Scheme 1 for aromatic[48], aliphatic [49],
thiuram [50] and benzothiazole disulfides [51]. The proposed reaction mechanisms for the

various families of disulfides relevant for this study have been summarized in Scheme 1.
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In this paper, we report that disulfides themselves function as effective flame retardants for

polypropylene films at already very low concentrations of 0.5 wt%.

2. Experimental part

General considerations

2.1. Materials

Polypropylene MOPLEN®HF500N (MFR=12g/10min (230 °C/2.16 kg)) and derivatives 3, 11
were supplied by BASF, products 1, 2, 4, 6, 10, 12, 13 were purchased from Sigma Aldrich
Corporation and compounds 5 [52], 7 [53], 8 [54], 9 [55] were prepared according to previously
described procedures. For comparison a commercial alkoxyamine Flamestab®NOR116 (supplier
BASF SE) was used. All starting materials used for synthesis were of reagent grade and

purchased from Sigma Aldrich Corporation, BASF or Fluka Chemie.

2.2. Instrumentation

Thermogravimetric analyses (TGA) were performed using a SDT Q600 apparatus from TA
Instruments under nitrogen atmosphere at a heating rate of 10 °C/min. FTIR/MS analyses were

conducted on a Netsch TG209F1 Iris, Bruker Tensor-27 and Netsch Aeolos QMS 403.

2.3. Evaluation of the Flame Retardancy

DIN 4102-1 flammability test

The disulfide additives were melt compounded in a Brabender mixing chamber at 230 °C
together with polypropylene (MOPLEN®HF500N), 0.3 % IRGANOX®B225 (1:1 composition

of benzenepropanoic acid, 3,5-bis(1,1-dimethylethyl)-4-hydroxy-1,1’-[2,2-bis[[3-[3,5-bis(1,1-



dimethylethyl)-4-hydroxyphenyl]-1-oxopropoxy]methyl]-1,3-propanediyl] ester (CA: 6683-19-
8) and phenol, 2,4-bis(1,1-dimethylethyl)-1,1’1"’-phosphite (CA: 31570-04-4)) and 0.05 % Ca-
stearate. The resulting polymer compounds were prepared by compression molding in a heated
press at 230 °C into films of 200 um thicknesses and sizes of 250 mm x 110 mm. The film was
mounted vertically inside a test chamber. The samples were subjected to edge exposure from a
gas flame (45° angle, 16 mm away from the film, 40 mm flame length). Noteworthy is that 40
mm flame length was used instead of the 20 mm flame length as described in the DIN 4102-1
standard [56]. In general, we have earlier noticed that 40 mm flame length allows for better
differentiation of the flame retardant efficacy than using a 20 mm flame length [22]. In total,
three or five samples were ignited for each formulation. From the flammability experiments, the

damaged length and burning time were recorded.

Limiting Oxygen Index test (LOI)

The LOI test was carried out using Oxygen Index Module apparatus from Fire Instrumentations
and Research Developments according to ASTM D 2863 standard [57]. According to the test
method, specimen’s samples of type 1V and dimensions of 70 x 6.5 x 3 mm were supported
vertically in the center of heat resistant glass chimney containing the oxygen/nitrogen mixture

and tested in accordance with test method A.



3. Results and discussions

The reactions of disulfides are of high importance in many areas of chemistry and especially
vital in biological systems and they can be divided into three groups: 1) reactions occurring with
cleavage of weak S-S bond, 2) reactions occurring with cleavage of C-S bond, 3) reactions
leading to an increase in the valence of sulfur [33]. Hence, the most important reaction of
disulfide bonds is their cleavage, which can occur by both homolytic (reaction involving free
radical intermediates) and heterolytic [58] (reactions involving ionic intermediates) cleavage.
Homolytic cleavage of sulfur-sulfur bonds can occur either by direct dissociation or as a result of

attack of a free radical of one of the sulfurs.

Although it is known that mostly the S-S bonds in organic disulfides are initially cleaved
homolytically by heat or light yielding thiyl radicals, little is known about the detailed complex
radical mechanism for the formation of the thermal decomposition products identified
experimentally [49,59]. Disulfides undergo transformations during thermal processing
(pyrolysis, combustion) which result in release of various types of radicals and sulfur
compounds. Understanding these processes is essential for the development of effective radical
generators and consequently for effective flame retardation of burnable materials. Interestingly,
it is known that already subtle variations in the structures of the disulfides have a tremendous
effect on their properties [33]. Thus, thermogravimetric analysis (TGA) associated with Fourier
Transform Infrared Spectroscopy (FTIR) and Gas Chromatography-Mass Spectroscopy (GC—
MS) analysis were carried out to identify the decomposition products of compounds (6) and (11)
and to elucidate the mechanism associated with thermolysis of benzothiazole and aliphatic

disulfides. The principal products found after the thermolysis are summarized in Table 1.



Table 1 Results of TGA-FTIR-MS investigations.

Structure Observed thermal fragments by MS IR signals
Relatively stable until 280 °C IR bands between 2600 and
3000 cm'?
C18Ha7-5-5-C1sHar Release of S above 300 °C
m/z = 33 and 34 (isotopes of S) i.e. release of the
(11) Ci7-alkene chain

Above 450 °C release of SO,
(fragments m/z = 48 and 64)

N N Relatively stable until 250 °C 1354 and 1378 cm* from
@:?—S‘S—«SD Release of benzene (m/z =51/78) SO,
and
(6) Release of SO, above 450 °C 2073cm from N=C=S
m/z = 48 and 64 from SO, Isothiocyanate

Interpretation of TGA-FTIR-MS results is not straightforward due to the complexity of reactions
taking place. For many kinetically controlled systems, the number of elementary reaction steps is
so large that simple analytical solutions are not possible. As an example, the products reported in
a theoretical study of the decomposition products for thermal decomposition of a structurally
“simple” disulfide, i.e. dimethyl disulfide derivative, amounts to reaction mechanism containing
36 reactions among 25 reaction species that account for the formation of the decomposition
products reported in the literature [51]. According to Glotova and coworkers, the thermal
induced dissociation of 2,2-dibenzoxazolyl proceed by a radical mechanism with the cleavage of
S-S and C-S bonds and the subsequent formation of 2,2°-di(benzoxazolyl) sulfide, 3-(2-
benzoxazolyl)benzoaxazoline-2-thione and elemental sulfur [51]. Whereas, the thermodynamic
properties of benzyl disulfide has been previously reported and the results show that
decomposition of benzyl disulfide proceeded in a one-step decomposition starting at 200 °C to

give stable arenethiyl radicals and elemental sulfur [60].



From Table 1 it is clear, that both compounds 6 and 11 are thermally relatively stable and that
they start to decompose at 250 °C and 280 °C, respectively. Consequently, in contrast to
peroxides, the disulfide compounds can survive polymer processing at 230 °C without thermal
decomposition. Their stabilization mechanism is known and it ends with the formation of sulfur

dioxide via sulfoxide and sulfon reactions [61].

At very high temperatures of above 450 °C, only SO, and elemental sulfur are released as
fragments (according to both MS and FTIR analysis) and the other constituents are difficult to
fully identify under these experimental settings. The formation of elemental sulfur apparently
occurs by successive displacement from disulfide radicals with formation of various sulfur
cycles, linear radical species (S and Sn) that with further heating polymerize into longer
polymeric sulfur chains which again depolymerize at even higher temperature forming short
chains of sulfur atoms [62]. Further dissociation of C-S bond occurs and leads to rearrangement
and dislocations of electrons, which finally results in the formation of thiophenyl diradicals. In
addition, N=C=S fragments (at 2073 cm™) could be observed by IR analysis. Unfortunately, any
other fragment detection under these conditions has not been possible. From thiophenyl most
probably diradical fragments, carbon oxide and dioxide were formed as a result of further
cleavages. Similarly, in the case of the aliphatic compound (11), only elemental sulfur and SO-
fragments were detected by MS. IR signals found at 2600 cm™ and 3000 cm™ correspond to the
release of alkene chains. The homolytic scission of S-S bonds for diaryl disulfides requires less
energy than in the case of alkyl disulfides. This can be explained by the greater stability
(resonance stabilization) of aryl thiyl radicals in comparison to alkyl thiyl radicals [49]. Hence, it

can be expected that mainly two factors significantly govern the decomposition of disulfides:



destabilization of disulfides and stability of formed thiyl radicals from decomposition of

disulfides.

3.1. Flammability

Combustion consists of various radical chain reactions and the flammability of hydrocarbon
material is strongly dependent on the concentration of propagating free radicals. However, in
case of disulfides their heating doesn’t result in any significant equilibrium concentration of RS*

[63] which is the one electron spin intermediate between thiols (RSH) and disulfides (RSSR).

DIN 4102-1

For the evaluation of flame retardancy of polypropylene formulations containing disulfides, the
ignitability tests were performed according to DIN 4102-1 standard. The results from these tests

are summarized in the Table 2.
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Table 2 Flammability results according to DIN 4102-1/B2 test method: edge ignition test, 200

pum pressed PP films.

Average Average

- . Tdec
Formulation Loading bll;;mt?]g bliirr?]'eng by TGA/DTA  Classification
(wes6) () © ¢
REFERENCES
Blank PP 100 190 38 464 NC?
Flamestab® NOR116 0.5 78 11 295 B2
DISULFIDES

1 0.5 63 17 264 B2

2 0.5 53 10 274 B2

3 0.5 96 32.7 - B2

4 0.5 85 145 - B2

5 0.5 190 41 281 NC

6 0.5 86 18 321 B2

7 0.5 95 23 276 B2

8 0.5 91 20.3 276 B2

9 0.5 190 35.3 203 NC

10 0.5 85 145 - B2

11 0.5 180 47 - NC

12 0.5 182 49 225 NC

13 0.5 163 51 215 NC

From the flammability experiments the damaged length and burning time were determined. In
general it was found, that most of the tested disulfide compounds themselves provided flame
retardancy and self-extinguishing properties to PP films at the loading of 0.5 %wt. The present
finding is, to the best of our knowledge, unprecedented in the prior literature. Interestingly, only
four compounds (5, 9, 12 and 13) out of thirteen tested disulfides did not show sufficient FR
activity to pass the DIN 4102-1 fire test. The efficacy of the various disulfide compound families
decreased in the following order: aromatic > heterocyclic substituted disulfides > heteroatom
substituted disulfides > benzothiazole disulfides > aliphatic disulfides >> thiuram disulfides. The

reason for the low flame retardant activity of 9, 12 and 13 can at least partially be attributed to



their low thermal stabilities of 203 °C, 225 °C and 215 °C respectively. Thus, these disulfide
compounds decompose already to a great extent during processing of polypropylene at 230 °C
and, therefore, they cannot any longer act as radical generators and flame retardants for PP films
during combustion. The lack of flame retardant activity of compound 5 at this low loading of 0.5
wt% is not that surprising when considering that even its azo analog did not either exhibit a
significant flame retardant activity under similar conditions [64]. All of the other compounds
passed the classification criteria set forth for the DIN 4102-1 test. Noteworthy is, that five
compounds (1, 2, 4, 6 and 10) passed the test with average burning times of less than 20 s and
damaged lengths of below 85 mm. Thus, all of these compounds exhibited very good fire
retardant properties for polypropylene films. A remarkably strong FR effect was recorded for
5,5'-dithiobis(2-nitrobenzoic acid) (2) where the very low values for burning length (53 mm) and
burning time (10 s) reflect significantly increased fire retardant performance compared to other
compounds in this series (even including the commercially available Flamestab® NOR116). This
can be attributed to electron withdrawing substituents (nitro and carboxylic acid moieties) at the
aromatic rings that remove electrons from the aromatic system and stabilize the disulfide bond.
In general, it seems that the flame retardant efficacy of the various types of disulfides mainly
depends on: (1) thermal stability (homolysis temperature), (2) products of decomposition and

mechanisms thereof, and (3) reactivity of the radicals generated during decomposition.

Hence, our studies have clearly demonstrated that thiyl radicals, generated from selected
disulfides, have the ability to interrupt the combustion process of polypropylene. For this reason,
disulfides could be considered as an intriguing family of halogen-free flame retardants e.g. for

polypropylene that may fulfill the criteria of sustainable products and production.



Limiting Oxygen Index (LOI)

The limited oxygen index (LOI) test is widely recognized as a useful method for numerical
assessment of the flammability of polymeric materials. As a consequence of this, we determined
the LOI values for the most promising disulfide candidates i.e. flame retardants 1, 2 and 6 at a

loading of 3 wt% in polypropylene, as shown in Figure 2.
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Fig. 2. Limited oxygen index (LOI) of polypropylene (PP) containing disulfides 1, 2, 6 (error

LOI +0.1).

The recorded LOI values revealed that the various types of disulfides only marginally improved
LOI values of virgin polypropylene from 17.0 % to 17.9 %, 19.1 %, 20.3 %, respectively. Since,
the highest LOI value of 20.3 % was measured for compound 6, we investigated the correlation

between LOI values and the amount of additive 6. The results show that LOI values increased



rapidly to 20.6 % at a loading of 1 wt% of 6, whereas higher flame retardant loadings up to 10
wt% do not improve LOI values any further, as depicted in Figure 2. These findings are in good
agreement with previous literature data for flame retardants based on radical generators such as
Flamestab® NOR116. Thus, radical generators only marginally improve LOI values of
polypropylene, i.e. when 1 wt% of Flamestab® NOR116 is added to polypropylene the LOI

values only increase to 22 % [31].
3.2. Thermogravimetry TGA/DTA

The decomposition of virgin polypropylene in an inert atmosphere according to the obtained
TGA data starts at around 337 °C and the maximum decomposition peak appears at 464 °C, as

shown in Figure 3.
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Fig. 3. Thermogravimetry (TG) and (DTA) of PP and PP/ benzothiazole disulfide (6) under an

inert atmosphere.

Whereas the analysis of the polymer formulations uncovers that the onset of polypropylene
decomposition occurs at 40 °C earlier when combined with additive 6. The thermal
decomposition rate of polypropylene is significantly faster when using the higher loading of 5
wt% in comparison to using 0.5 wt% loading of additive 6. This observation suggests, that
additive 6 has the ability to strongly degrade polypropylene when flames impinge on the
polymer. This is inline, with previous studies that have observed enhancement of polystyrene
degradation by sulfur, i.e. sulfur significantly facilitates polystyrene degradation [65]. Thus, the
flame retarding mechanism of disulfides can be partially ascribed to the generation of radicals

that induce a fast degradation of the polymer chain and flame retardancy is achieved by



removing the substrate from the flame. In addition, the generated radicals may also be involved

in the free radical chemical reactions during the combustion process itself.

4. Conclusion

The development of new halogen-free and efficient flame retardants for polymeric materials
remains an important challenge for researchers both in academia and industry. In this study, we
demonstrated that certain disulfide based plastic additives can alone be successfully used as
efficient flame retardants for polypropylene films. Particularly, 5,5'-Dithiobis(2-nitrobenzoic
acid) (2) exhibited excellent FR properties in the presented test series. Nevertheless, other tested
disulfide compounds used in concentrations of 0.5 wt% only, were also able to provide flame
retardancy and self-extinguishing properties to polypropylene films. Research efforts are
currently in progress to further develop this new and exciting family of flame retardants.
Examination of their structure-property relationship, synergistic effects with conventional flame

retardants and additional testing in different polymer systems are in progress.
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