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• Meltable Alkyl sulfone bridged com-
poundswere synthesized in a simplified
method.

• They have thermal stability > 250 °C and
melt-processablewith polypropylene.

• The incorporation of FR in PP achieves a
significant reduction in heat release
rates (~48%).

• Incorporationofalkylsulfonebridgedcom-
pound improve the thermo-oxidative sta-
bility of polypropylene.

• Thepolypropylenepassesverticalburning
testwith lowphosphorus content (1%).
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Three novel alkyl sulfone bridged phosphorus (P) compounds namely 6,6′-(sulfonylbis(ethane-2,1-diyl))bis
(dibenzo[c,e][1,2]oxaphosphinine 6-oxide) (SEDOPO), sulfonylbis(ethane-2,1-diyl))bis(diphenylphosphine
oxide) (SEDPPO), and tetraphenyl (sulfonyl bis(ethane-2,1-diyl)) bis(phosphonate) (SEDPP) (i.e. phosphine
oxide, phosphinate and phosphonate, respectively) were synthesized via a Michael addition reaction with
good yields (≥ 85%) at a 200-g scale. They exhibited thermal stability above 250 °C, which allowed them to be
melt-processed with polypropylene (PP) and formed into thin films (~ 0.6 mm). Rheological measurements of
the PP blends exhibited a typical shear thinning behavior and provided evidence for the synthesized compound's
thermo-oxidative stabilizing effect. This was also confirmed by thermal analysis showing that the thermo-
oxidative stability of PP-SEDOPO and PP-SEDPPO blends was higher (~25 °C) than the blank PP; however, PP-
SEDPP had a smaller impact. Small scale fire tests of the PP-FR blends confirmed the flame retardant efficacy of
the new P-compounds. Cone calorimetry on PP-SEDOPO blends showed a reduction in the heat release rate
(HRR) (~48%) compared to blank PP. Further thermal and evolved gas analysis of the PP blends confirmed that
the new P-compounds are primarily active in the gas-phase.

© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).
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1. Introduction

Polypropylene (PP) is a common thermoplastic polymer, which pro-
vides a good balance of physical, chemical, mechanical, electrical, and
thermal properties with easy processability. This combination of attrac-
tive features drives its application in various industries such as electron-
ics, automotive, textiles, construction, and packaging [1–3]. PP is highly
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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combustible due to its aliphatic chemical composition [4]. Combustion
of PP yields high amounts of toxic gases that threaten human safety
and restrict its usage in fire-safe applications [5,6]. A commonly used
method to reduce thermoplastic flammability is introducing a flame re-
tardant (FR) additive into the bulk of material via melt processing. Typ-
ically, flame retardancy is not the only requirement to be fulfilled by
such an FR additive. The FR additive cost of production is a crucial factor
for a successful commercial application. Hence, selecting suitable FR ad-
ditives or the development of new FR systems is a challenging task and
mostly depends on the final product specifications and potential fire
scenario. Compared to bulk thermoplastic products, flame retardation
of fibers and thin films face additional processing and durability chal-
lenges [7]. For thin film and fiber applications, the FR additive needs to
be either very small in particle size (<1 μm) or in a liquid (meltable)
form during its passage through small slits or spinneret holes. The latter
type of additive is preferred for fiber applications as non-melting solids
tend to agglomerate and clog the spinneret.

The conventional flame-retardants for PP include halogen-based
FRs, inorganic FRs, organic halogen-free FRs, phosphorus-containing in-
tumescent FRs (IFR), and metal hydroxide FRs [8,9]. Blends of haloge-
nated compounds with antimony trioxide (Sb₂O₃) can be used as FRs
for PP; however, the blend can either produce toxic gases in combustion
[10] or are themselves toxic [11]. Inorganicflame retardants such as alu-
minum hydroxide Al(OH)3 and magnesium hydroxide (Mg(OH)2 are
used as FR for PP, but their high loading requirements (~40wt%) can re-
sult in materials with inferior rheological and mechanical properties
[12–15] and thus are not suitable for film and fiber fabrication.

N-alkoxy hindered amines (NORs) are commonly used in fiber and
thin-film applications [16–20]. They possess excellent flame retardancy
due to the dissociation of NORs forming free radical scavengers that in-
terrupt and suppress the ignition process of polyolefins [21,22]. More-
over, NORs can interact with conventional FRs via radical reactions to
improve their flame-retardants efficiency and reduce the significant
loading of traditional FRs [21,22]. Ciba® FLAMESTAB® NOR® 116
(nowBASF) is disclosed in patents as a synergist with conventional bro-
minated and/or phosphorus-based FRs for polyolefins [23,24]. The syn-
ergistic effect of FLAMESTAB® NOR 116 [25] in combination with
ammonium polyphosphate (APP) and small amounts of nanoclay in
PP is also reported [26].

The effectiveness of sulfur(S)-containing compounds as FRs has
been investigated [27]. They have also been used as co-additives with
other FRs,most notably phosphorus compounds, to boost the FR perfor-
mance ofmaterials [28–35]. Several S-containing compounds have been
studied as FRs in polycarbonates (PC) [36], polyamides 6 [37,38], cotton
and wool [39], polyurethanes [40], and polystyrene or polymethyl
methacrylate [41]. The mechanism for FR of S-containing compounds
has been found to vary based ondifferent polymer systems. The thermal
decomposition of elemental sulfur, sulfide, and disulfide generates sul-
fur radicals, which may promote crosslinking at the polymer surface
[31,32].Moreover, S-containing FRs during thermal decomposition gen-
erates sulfur dioxide (SO2) in the gas phase [30],which acts not only as a
Fig. 1. Structure of alkyl sulfone bri
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fuel-diluent, but may also act as a radical-scavenger to suppress com-
bustion efficiency [42,43]. Generally, the flame retardancy of the mate-
rials improves as the level of oxygenation at sulfur increases (sulfone >
sulfoxide > sulfide) [44]. Thus, a strategy that combines a phosphorus
compound with a sulfur moiety for the development of a flame retar-
dant is worthy of investigation. Development of meltable compounds
for use as a flame retardant in polyolefins is relatively unknown and
will be useful for the advancement of fire safe fibers and films.

In this study, sulfur and phosphorus-based bridged compounds
(i.e., phosphine oxide, phosphinate, and phosphonate, Fig. 1) were syn-
thesized by adding P(O)-H containing phosphorus precursors to divinyl
sulfone through a straightforward approach. The chemical structure and
purity of synthesized FRs were characterized via NMR and elemental
analysis. The alkyl sulfone bridged phosphorus derivatives SEDOPO,
SEDPPO and SEDPP were processed with PP using extruders and inter-
nal mixers and transformed into thin plates (160 × 60 × 0.6 mm) and
films (0.6 mm) via compression molding and extrusion, respectively.
The PP-FR blends were then analyzed for their thermal, rheological,
and flammability properties. Based on the various thermal and evolved
gas analysis, a tentative mode of action of the bridged sulfone com-
pounds was proposed.

2. Experimental section

2.1. Materials and methods

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)
was purchased fromMetadynea GmbH (Austria), diphenylphosphine
oxide(DPPO)waspurchased fromCombi-Blocks (Germany)anddivinyl
sulfone was purchased from Fluorochem. Diphenyl phosphonate, 1,8-
diazabicyclo(5.4.0)undec-7-ene (DBU) and dry toluene (99.98%) were
purchased from Sigma Aldrich (Switzerland) and usedwithout any fur-
ther purification. The polypropylene (PP) HSP165G (Braskem, The
Netherlands) was purchased from Resinex Switzerland AG. 6,6′-
(sulfonylbis(ethane-2,1-diyl))bis(dibenzo[c,e] [1,2]oxaphosphinine 6-
oxide) (SEDOPO), sulfonylbis(ethane-2,1-diyl))bis(diphenylphosphine
oxide) (SEDPPO) [45] and tetraphenyl (sulfonyl bis(ethane-2,1-diyl))
bis(phosphonate) (SEDPP)were synthesized via optimized procedures.
The details of optimized procedures and synthesis of FRs are described
in theSupporting Information(SI), Sec. SI-12.2. Synthesis of bridgedsul-
fone compounds.

2.2. Synthesis of bridged sulfone compounds

2.2.1. 6,6′-(sulfonylbis(ethane-2,1-diyl))bis(dibenzo[c,e][1,2]oxaphos-
phinine 6-oxide) (SEDOPO)

A dry three-neck, round-bottom flask connected to a mechanical
stirrer, nitrogen (N2) inlet, thermometer, and a condenser was charged
with DOPO (187.38 g, 867.5 mmol), divinyl sulfone (50 g, 423.2mmol),
and toluene (600mL) at room temperature. After the additionwas com-
pleted, the reactionmixture was heated at 130 °C for 16 h and cooled to
dged phosphorus compounds.
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room temperature. The reaction mixture was filtered and the solids
were washed with acetone and dried at 80 °C overnight under vacuum
to obtain a white powder with a 93% yield (Scheme 1).

2.2.2. sulfonylbis(ethane-2,1-diyl))bis(diphenylphosphine oxide)
(SEDPPO)

A dry three-neck, round-bottom flask connected to a mechanical
stirrer, N2 inlet, thermometer, and a condenser was charged with
diphenylphosphine oxide (DPPO) (82.89 g, 410 mmol), divinyl sulfone
(23.63 g, 200 mmol) and toluene (500 mL) at room temperature.
After the addition was completed, the reaction mixture was heated to
130 °C for 16 h and then cooled to room temperature. The solid residue
was filtered and washed with acetone and dried at 70 °C overnight
under vacuum to obtain a white powder with (187 g) 91% yield
(Scheme 1).

2.2.3. Tetraphenyl (sulfonyl bis(ethane-2,1-diyl)) bis(phosphonate)
(SEDPP)

A dry three-neck, round-bottom flask connected to the mechanical
stirrer, N2 inlet, thermometer, and a condenser was charged with
diphenyl phosphonate (203.16 g, 867.5 mmol), divinyl sulfone (50 g,
423.5 mmol) and toluene (1 L) at room temperature. The reaction mix-
ture was cooled to 0 °C and DBU (12.88 g, 84.6 mmol) was added
dropwise over 1 h. After the addition of DBU, the reaction mixture
stirred for additional 2 h at 0 °C. The solids were filtered and washed
with methanol and dried at 60 °C under vacuum overnight to afford
221 g (89%) white powder (Scheme 1).

2.3. Polymer processing

Kneading trials of bridged sulfone compounds were performed by
kneading in an internal laboratorymixer (HAAKE Rheomix 600, Thermo
Fisher Scientific, Germany) equippedwith Banbury type rotor design at
Scheme 1. Synthesis of alkyl sulfone bridged phosph
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a 50 g scale. The blends were prepared in the kneader at 30 rpm for
10 min with a theoretical mass ratio of 90:10 and 85:15 (wt/wt) % of
PP: FR additives. A processing temperature of 250 °C for SEDOPO,
220 °C for SEDPPO and SEDPP blends were used for their processing.
These PP blends were used to perform thermogravimetric analysis
(TGA), differential scanning calorimetry (DSC), andmicroscale combus-
tion calorimetry (MCC). Moreover, PP plates (160 × 60 × 0.6 mm)were
obtained using a compression molding machine Battenfeld Plus 350/75
(Battenfeld Technologies, Columbia, MO, USA), at 250 °C.

Extrusion trials: Themain steps for polymer film production included
compounding and melt-extrusion of films. First, a 15% masterbatch of
SEDOPO in a mixture of PP was prepared by melt extrusion in a co-
rotating 36 L/D twin-screw extruder (Dr. Collin GmbH, Germany). To
achieve a high SEDOPO loading in the masterbatch, a side feeder (Dr.
Collin GmbH, Germany) was used to add the FR powder to the polymer
melt. The extruderwas operated at 110 rpmwith a constant throughput
of 0.6–1 kg/h. The extrudate was quenched on a conveyor belt down to
room temperature and subsequently pelletized. Second, film extrusion
was carried out on a lab-scale extrusion line with a 25 L/D single
screw extruder (Rheomex OS, Thermo Fisher Scientific, Germany). FR
masterbatch (SEDOPO) pellets were premixed with the blank polymer
and fed to the extruder. A static mixer was installed between the ex-
truder and melt pump (Haake OS, Thermo Fisher Scientific) to promote
additive dispersion. The extrudate film, pre-shaped by a custom-made
75 mm slit die, was quenched and molded by chill rolls and finally
wound up. In both compounding and extrusion processes, the
extruder's temperature profile ranged between 240 and 250 °C.

To evaluate the dispersion of FRs in PP, energy dispersive X-ray
(EDX) analysis was performed on the sample surface and in cross-
sectional view, using a Hitachi S3700N scanning electron microscope
(SEM) equipped with an EDAX Octane Pro SDD EDX detector. The
SEM device was operated at 7 kV under low vacuum conditions
(90 Pa) to avoid beam damage. As shown in Fig. S4, phosphorus and
orus compounds SEDOPO, SEDPPO, and SEDPP.
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sulfur are present everywhere in the 15% PP-SEDOPO (surface and bulk
material showed in cross-sections)films.While the SEDOPO is relatively
homogeneously distributed over the cross-section, areas with slightly
increased P and S concentrations are found at the surface. Point analysis
at different positions confirmed the FR distribution over the whole
sample.

2.4. Characterization

NMR spectrawere recorded on a Bruker AV-III 400 NMR spectrome-
ter (Bruker Biospin AG, Fällanden, Switzerland) at 298 K. The spectral
data and further details about NMR analysis are available in SI part
sec. SI-2. NMR characterizations.

Phosphorus content of the PPs blends was measured with a 5110 in-
ductively coupled plasma optical emission spectrometer (ICPOES,
Agilent Switzerland AG, Basel, Switzerland). Sample preparation for
ICP-OES consisted of mixing 200 mg of a sample with 3 mL HNO3,
followed by microwave digestion.

Differential scanning calorimetry (DSC): For DSC analysis, NETZSCH
DSC Polyma 214 was used to analyze the additives melting point and
glass transition temperature (Tg) of the PPmatrix. For DSC experiments,
ca. 5–8 mg of samples were used in a low-pressure crucible and heated
to 300 °C at a heating rate of 10 °C/min.

The thermogravimetric analysis (TGA) of the PP samples and synthe-
sized FRs was carried out using a NETZSCH TG209 F1 Iris instrument.
For TGA experiments, ca. 3-5 mg of samples were heated from 25 °C
to 800 °C at a heating rate of 10 °C/min. The measurements were per-
formed under a nitrogen and air atmosphere with a total gas flow of
50 mL/min.

Limiting Oxygen Index (LOI) values of all plates weremeasured on an
FTT oxygen index apparatus according to ASTM D2863–97. The dimen-
sion of specimens for the LOI test was 150 × 50 × 0.5 mm and the sam-
ples (plates) were prepared via compression molding.

Vertical burning tests (small scale fire tests) were performed accord-
ing to the Swiss Standard (BKZ-VB) as described in the literature [46]. PP
plates in a vertical orientation were exposed to a flame (45°) for 15 s
and the burn length and burn timewere measured. Most thermoplastic
materials dripwhen exposed to fire and adequate heat. Thus, in the ver-
tical burning tests, the dripping behavior of the specimens was also ob-
served. The dimension of the specimen for the Vertical burning tests
was 160 × 60 × 0.6 mm and the sample was prepared via compression
molding.

Direct insertion probe mass spectrometry (DIP-MS)was performed in
a Finnigan/Thermoquest GCQ ion trap mass spectrometer (Austin, TX,
USA) equipped with a DIP module. ~1 mg of sample was placed in a
quartz cup located at the tip of the probe and was inserted into the ion-
ization chamber operating at an ionization voltage of 70 eV, a tempera-
ture of the ionic source of 200 °C and pressure < 10−6 mbar. The probe
was heated from 30 to 450 °C at 50 °C/min.

TGA-FTIR was performed using around ca.10 mg of the samples and
heated from25 to 800 °C at a rate of 10 °C/min−1 under a nitrogenpurge
at 300 mL min−1. The FTIR (Fourier transform infrared spectroscopy)
extracted spectra of the pyrolysis gases formed from the samples were
measured by Bruker Tensor 27 Fourier transform spectrophotometer
coupled with a TGA. The FTIR analysis was performed in the spectral
range of 4000 to 550 cm−1 at a resolution of 4 cm−1.

Microscale Combustion Calorimeter (MCC) Heat release rates (HRR)
were determined using MCC (Fire Testing Technology Instrument,
London, UK) following ASTM D7309. ~7 mg of sample was exposed to
a heating rate of 1.0 °C/s from 150 to 750 °C in the pyrolysis zone.

Cone calorimetry (Fire Testing Technology, East Grinstead, London,
UK) was performed with an irradiative heat flux of 35 kW/m2 (ISO
5660 standard) on specimens (100 × 100 × 3mm3) placed horizontally
without any grids. Parameters such as heat release rate (HRR), peak of
heat release rate (pHRR), total heat release (THR), total smoke release
(TSR), CO production (COP), average specific extinction area (av-SEA),
4

and CO2 output (CO2)were recorded for each sample. The cone calorim-
etry samples were prepared via compression molding.

Activation energy (Ea): Variation in Ea with the degree of conversion
for blank PP and PP-15% SEDOPO, SEDPPO, and SEDPP blends were cal-
culated using the Kissinger method using NETZSCH Kinetics Neo soft-
ware, version 2.4.6 [47]. For the kinetics experiment, 4 different
heating rates (i.e., 2.5, 5, 7.5, and 10 °C /min) were used where samples
were heated from 25 °C to 800 °C under air atmosphere with a total gas
flow of 50 mL/min.

Rheological measurementswere carried out on an Anton Paar Physica
301 MCR rotational rheometer (Austria). All experiments were per-
formed at a constant temperature of 250 °C in the air using a parallel
plate fixture (plate diameter of 25 mm and 1 mm gap). Samples were
compression molded into plates using a hot press at 250 °C. Before
starting a measurement, the samples were relaxed for 5 min in the rhe-
ometer to minimize the deformation history and get a homogeneous
melt. Afterward, angular frequency sweep experimentswere conducted
at a constant strain of 1%.

Tensile test: The load-strain behavior of dogbone film specimens
(Fig. S5) cut in film production direction was evaluated using the
Zwick Z100 (Zwick Roell GmbH, Germany) tensile testing machine,
equipped with a 100 N load cell. The tensile tests were performed at
23 °C and 50% relative humidity, with an initial gauge length of
50 mm and a constant elongation rate of 20 mm/min. The starting
length of the neckwas 25mm,whichwas considered a reference length
for assessing strain. Stresswas calculated by dividing themeasured load
by the initial cross-section area, i.e., the film thickness multiplied with
the neck's width (4 mm). The sample used for the tensile test was the
film (0.6 mm) obtained via slit extrusion.

3. Results and discussion

3.1. Synthesis of flame retardants and analysis

The addition of the P(O)-H bond to an alkene is a vital transformation
for the preparation of organophosphorus compounds with P\\C bonds.
Thisaddition isoftenpromotedbybases, radical initiators(benzoylperox-
ide, AIBN), transitionmetals, andmicrowaves [45,48–51]. FR additives
consisting of twomoieties based on sulfur dioxide and phosphoruswere
synthesized in this studyvia the addition of P(O)-Hcontainingprecursors
todivinylsulfone.ThesynthesisofSEDOPOandSEDPPOhasbeenreported
in the literaturebefore, but thepreviousmethodologywasnot feasible for
industrial scale-up [45]. The synthesis of 1,2-bisphosphorylethane com-
poundsusingtoxictrimethylphosphineasacatalyst ispreviouslyreported
[48]. SEDPPOhas been synthesized in solvent-free conditions in an alter-
native synthesis strategy by reacting one equivalent of divinyl sulfone
and two equivalents of diphenylphosphine oxide using a microwave-
assisted double-hydrophosphorylation of alkenes on a 50mg scale [45].
The preparation of a phenylphosphine oxide-bridged phosphorus
compoundfromdiethylphosphonicacidusingaphosphinecatalyzedsyn-
thesis is also reported in the literature [52].Withaviewto industrial-scale
production, theuseof alkyl phosphine catalysts is highlyundesirable con-
sidering their toxicityandpotentialfirehazard.On theotherhand, themi-
crowave heating of a solvent free reaction mixture is challenging,
particularly when applied to a high-temperaturemelting reactionmix-
ture. Accordingly, there is a need for an improved approach to preparing
bridged phosphorus-based compounds as these compoundswere never
tested asflame retardants previously.

The addition of DOPO (1) to divinyl sulfone was chosen as a model
reaction and detailed procedures of various reaction conditions are de-
scribed in SI-1. By following the optimized reaction conditions (method
3, Table S1), SEDOPO and SEDPPO were further synthesized at ~200 g
scale with high yields (93% and 91%, respectively) (Scheme 1). Surpris-
ingly, diphenyl phosphite reaction with divinyl sulfone and toluene as a
solvent at reflux condition yielded no final product (SEDPP). However,
when a catalytic amount of DBU (10 mol%) was added to the reaction
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mixture at 0 °C, the desired addition product (SEDPP) was obtained at
89% yield (Scheme 1).

3.2. Thermal processing and rheological behavior

A practical approach to preserving the desiredmechanical and ther-
mal properties of PP is to develop a blend with a minimum loading of
the FR additive. Usually, a meltable additive can exhibit higher compat-
ibility with PP as compared to non-meltable additives. To evaluate the
effect of the bridged sulfone compound on the properties of PP,
compounded blends were obtained in the kneader with a theoretical
loadingmass ratio of 90:10 and 85:15 (wt/wt) % of PP: additives. In gen-
eral, the effectiveness of a phosphorus-based FR additive relies on phos-
phorus concentration in the blend. Therefore, it should be noted that the
measured phosphorus content in the PP blends containing SEDOPO and
SEDPPO additives are very close to the theoretical predictions (Table 1).
In contrast, the phosphorus content is almost 40% lower than the theo-
retical concentration in PP-SEDPP blends. This difference in the phos-
phorus content of PP-SEDPP blends could be due to polymer and
additive's poor compatibility. Being polar (presence of P-O-C bond),
SEDPP demixes and separates from PP during the kneading process
(Table 1), which results in lower phosphorus contents.

Moreover, it is critical to understand the effects of FR additive on the
rheological behavior of the polymer and on its melt stability. The com-
plex viscosity of different PP blends with frequency sweep rheological
experiments were characterized and are presented in Fig. 2a, b. Before
kneading, the blank PP sample shows a typical Newtonian viscosity at
low frequencies followed by a typical shear thinning behavior at higher
frequencies. After PP extruded under the conditions explained before,
its viscosity reduced, indicating a loss of molecular weight due to
thermomechanical degradation. The presence of SEDOPO in PP prevents
its degradation; hence, a higher viscosity for the blend is achieved,
Fig. 2a. Similar behavior was also observed for PP blends containing
other bridged sulfone compounds (SEDPPO and SEDPP) with some dif-
ferences in effectiveness, Fig. 2b. It has been shown in earlier studies
that this protection mechanism of phosphorous additives arises due to
a combination of (i) molecular lubrication that reduces stress on poly-
mer chains and (ii) released phosphorous radicals that prevent oxida-
tive attacks on polymer [46,53].

3.3. Small scale fire tests

PP films and fibers need to be fire-resistant in specific applications,
for instance, electronics, transportation, and textiles. PP-FR blends
were fabricated into plates (0.6 mm thickness) resembling textile fab-
rics and evaluated for their flammability via a small-scale vertical fire
test (BKZ-VB) and limiting oxygen index (LOI) (Table 1). [54,55]. Videos
of vertical burning tests and digital photos of residues after burning
(Fig. S6) test for blank PP and PP-FR blends are available in SI for
blank PP, PP-10% SEDOPO, PP-15% SEDOPO, PP-10% SEDPPO, PP-15%
SEDPPO, PP-10% SEDPP and PP-15% SEDPP. The blank PP burned readily
without leaving any char in the vertical burning test, as shown in Fig. S6.
Table 1
Summary of small-scale fire tests and the limiting oxygen index (LOI).

Samples Predicted P. [wt%] Measured P. [wt%] BKZ-VBa T

After Flam

PP-Blank – – 40
PP-10% SEDOPO 1.12 1.10 0
PP-15% SEDOPO 1.69 1.54 0
PP-10% SEDPPO 1.18 1.09 0
PP-15% SEDPPO 1.78 1.54 0
PP-10% SEDPP 1.05 0.63 3.5
PP-15% SEDPP 1.59 0.90 3

a Swiss standard vertical fire test.
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However, on incorporating bridged sulfone derivatives in PP, a decline
in the burning length of PP was observed compared to the blank PP
(Fig. S6). No further ignition was observed for the plates containing 10
or 15% SEDOPO after removing the flame, which confirms their self-
extinguishing behavior. An increased concentration of bridged sulfone
compounds in PP reduced the burning length and duration of the burn-
ing. Not much char was formed for the samples in the vertical burning
test; it is more likely that the bridged sulfone derivatives primarily
work in the gas phase. Furthermore, the PP blends with10% or above
loading exhibited no or few drips than the blank PP. The melt dripping
was suppressed completely for PP samples containing a minimum of
10% SEDOPO and 15% for other bridged sulfone compounds. PP blends
containing 5% bridged sulfone compounds were also manufactured;
however, they didn't pass the BKZ-VB test and thus were omitted
from any further analytics.

The limiting oxygen index (LOI) value for the blank PP plate is 19.4%
[56]; however, the LOI values for various PP blends in this work were
significantly higher than the blank PP. Increased LOI values were ob-
served for increased concentration of bridged sulfone compound in PP
and the highest LOI was observed for PP containing 15% SEDOPO. As
discussed earlier, it is likely that all bridged sulfone compounds work
primarily in the gas phase as mostly gas-phase active FRs have a supe-
rior influence on promoting the LOI values of polymeric materials.

3.4. Flammability: Pyrolysis combustion flow calorimetry (MCC)
measurements

MCC was employed to understand the combustion behavior of the
PP blends (Table 2). Fig. S7 illustrates the heat release rate (HRR) profile
versus temperature for the blank PP and PP blends. For the blank PP, a
peak heat release rate (pHRR) of 1120 W·g−1 at 484 °C and a THR of
about 45.33 kJ·g−1 was observed. The addition of SEDOPO to PP de-
creased the pHRR by 21% and 27% for 10 and 15% of SEDOPO, respec-
tively. Similarly, a 21% and 25% decline in pHRR was observed for 10
and 15% loadings of SEDPPO in PP, respectively. Furthermore, for 10%
loadings of SEDPP in the PP matrix, pHRR (1070 W g−1) values de-
creased by ~4.5%; THR (46.3 kJ g−1) values were higher than the corre-
sponding blank PP data. For 15% loading of SEDPP in PP, a small decrease
in the pHRR of 3.4% and THR around 2.9% was observed. Blank PP and
the PP-SEDPP blends were characterized by a one-step thermal decom-
position in MCC data. In contrast, a shoulder noticeable for the PP-
SEDOPO and PP-SEDPPO blends at 350 °C to 370 °C can be ascribed to
the bridged sulfone derivatives that are released due to thermal decom-
position and volatilization. A similar observation for the same blends
was also made in the TGA analysis performed under an N2 environment
(Fig. S10).

In general, a decrease of the pHRR values corresponds to a drop in
the heat produced during the combustion of the flame retarded poly-
meric material. A reduction in the pHRR and an increase in char forma-
tion is often associatedwith condensed phase activity of the FR additive.
In such a case, the FR additive reacts with the polymer matrix and
decreases flammable volatiles' formation. However, for PP-SEDOPO,
est LOI % ± 0.2

e(sec) ± 1 Burning Length(cm) ± 1 Melt Drips

15 Many 19.4
2.0 No 24.3
1.4 No 25.7
4.6 Few 22.7
4.2 No 23.5
7.0 Many 22.4
6.2 Few 24.9
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Fig. 2. Rheological behavior of melts at 250 °C in air.

Table 2
Results fromMCC measurements.

Sample
Name

TM [°C] pHRR
[W.g−1]

THR
[kJ.g−1]

Residue
[wt%]

PP-Blank 484.0 ± 0.4 1120.3 ± 16.4 45.3 ± 0.2 0.42 ± 0.30
PP-10% SEDOPO 483.5 ± 0.6 890.7 ± 7.9 43.2 ± 0.4 0.87 ± 0.11
PP-15% SEDOPO 483.4 ± 1.2 809.4 ± 13.9 42.9 ± 0.4 0.26 ± 0.01
PP-10% SEDPPO 482.8 ± 1.3 884.7 ± 12.3 43.7 ± 0.3 0.15 ± 0.1
PP-15% SEDPPO 480.0 ± 1.7 838.0 ± 22.8 43.0 ± 0.2 0.38 ± 0.3
PP-10% SEDPP 491.0 ± 1.3 1070.3 ± 13.8 46.3 ± 2.5 0.32 ± 0.31
PP-15% SEDPP 489.0 ± 1.5 1082.0 ± 39.6 44.0 ± 0.3 0.41 ± 0.3
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PP-SEDPPO, and PP-SEDPP blends, a decrease in pHRR with no signifi-
cant increase in the residue was observed. This corresponds well with
the gas phase flame inhibition activity of the FR additive [30,57].

The PP-SEDOPO and SEDPPO blends were characterized by a de-
crease in THR of approx. 2–3 k·Jg−1 relative to the blank PP (Table 2).
However, a reduction in the THR is not significant for SEDPP, which
might be due to the lower loading and FR efficacy of the SEDPP. A de-
crease in THR values for the PP blends than blank PP reduces its flame
spread and fire load [30].

It is well known that phosphorus content is an important factor in
determining the flame retardant efficiency of a system. As seen in
Table 1, the P-contents of the 10, 15% SEDOPO (measured P-contents
of 1.10, 1.54%), and for the 10, 15% SEDPPO (measured P-contents of
1.09, 1.54%) blends are nearly double compared to the 10, 15% SEDPP
blends (measured P-contents of 0.63, 0.90%). The pHRR data of PP-10%
SEDOPO and SEDPPO can be compared with the PP-15% SEDPP blends
as they have similar P content. The SEDOPO and SEDPPO blends have
higher flame retardant efficacy compared to SEDPP at similar P-
contents.

3.5. Cone calorimeter test

The cone calorimeter was used to investigate alkyl bridged sulfone
derivatives combustion behaviors in the PP matrix. Parameters such as
pHRR, THR, TSR, COP, av-SEA, and CO2 output (CO2) are summarized
Table 3
Results for blank PP and PP-FR (15%) blends obtained from cone calorimeter.

Sample pHRR
(kW/m2)

THR
(MJ/m2)

TSR
(m2/m2)

SEA
(m2/kg)

PP-Blank 469.5 ± 13.8 62.6 ± 2.0 62.6 ± 20.7 172.86 ± 52
SEDOPO 241.5 ± 2 4.2 40.0 ± 12.8 941.2 ± 16.9 462.15 ± 15
SEDPPO 336.2 ± 24.5 46.9 ± 3.6 843.3 ± 15.8 422.4 ± 31
SEDPP 452.3 ± 7 0.8 67.0 ± 2.7 852.9 ± 16.7 400.4 ± 58
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in Table 3. Generally, these parameters are used to calculate thefire per-
formance of PP blends. The HRR, particularly the pHRR, represents the
point at which fire typically spreads further or ignites neighboring ob-
jects; hence, its drop is essential for fire safety. It can be seen from
Table 3 that the bridged sulfone/PP blends resulted in a reduction of
THR and pHRR; however, TSR and CO production increased, which is
typical of flame retardant polymers (Fig. 3). Thus, it is clear from the re-
sults that sulfone bridged phosphorus flame-retardants undermine the
combustion behavior of PP. All PP blends have a higher CO/CO2 ratio
than the blank PP, indicating their possible gas phase flame inhibition
activity. The PP-15% SEDOPO blend has the highest CO/CO2 ratio and
the lowest PHRR compared to PP-15% SEDPPO and SEDPP systems.
This indicates a higher gas-phase flame inhibition efficacy of the
SEDOPO over SEDPP.

To investigate the gas phase activity of alkyl bridged sulfone deriva-
tives, the combustion efficiency (X) of PP blends was calculated
(Table 4). The combustion efficiency can be calculated from the ratio be-
tween effective heat of combustion (EHC)measured from cone calorim-
eter and heat of complete combustion (HCC) calculated from MCC
(using THR and residue content) as described in the literature [58]. As
shown in Table 4, the EHC of samples containing SEDOPO and SEDPPO
decreased significantly compared to SEDPP and blank PP. The combus-
tion efficiency value of all PP blends was lower than the blank PP, indi-
cating a flame inhibition activity of the FRs [59].

3.6. Thermal stability

Understanding the thermal behavior of synthesized bridged sulfone
compoundsmay help predict and understand their subsequent thermal
processing, thermal, and fire behavior. The melting point (m.p.) of the
bridged sulfone compounds were estimated by DSC (Fig. S8 in SI-5).
All synthesized compounds have m.p. ranging from 148 to 248 °C and
they are thermally stable up to 321 °C as seen in their TGA data
(Table 5). Similarly, bridged DOPO compounds have been shown to ex-
hibit m.p greater than 250 °C [60,61]. The low m.p. exhibited by com-
pounds synthesized in this work allow for melt processing of their
blends. Incorporating the bridged sulfone compounds into PP has negli-
gible influence on melting point (Table 5) of PP. TGA evaluated the
MARHE (kW/m2) mean CoP (kg/kg) mean CO2 (kg/kg) CO/ CO2

175.3 ± 1.8 0.04 ± 0.01 1.41 ± 0.20 0.03
132.9 ± 7.8 0.15 ± 0.02 0.98 ± 0.02 0.15
131.6 ± 1.9 0.04 ± 0.02 0.68 ± 0.40 0.06
182.0 ± 6.6 0.05 ± 0.01 1.49 ± 0.21 0.04



Fig. 3. Heat release rate (HRR) of the blank PP and PP/FRs measured by cone calorimeter.

Table 4
Determination of combustion efficiency (X) from cone calorimeter (CC) and MCC data.

Sample EHCCC (Kg/g) HCCMCC (Kg/g) X

PP-Blank 50.3 78.1 0.64
PP-15% SEDOPO 24.2 57.9 0.41
PP-15% SEDPPO 36.5 69.3 0.52
PP-15% SEDPP 46.6 74.5 0.62

EHCCC: effective heat of combustion, HCCMCC: the heat of complete combustion, X: com-
bustion efficiency (ratio between EHC and HCC).
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thermal decomposition behavior of the synthesized compounds and the
PP blends. Their corresponding first order derivative (DTG) curves
under both air and nitrogen environments are presented in Fig. S9b, d
and f, respectively. The TGA data corresponding to the onset of weight
loss (Tdonset), the maximum decomposition rate (Tdmax), and the char
yield at 800 °C are summarized in Table 5. As shown in Fig. S9, bridged
sulfone compounds exhibited high decomposition temperatures
(Tdonset > 290 °C). Among the synthesized bridged sulfone compounds,
SEDOPO (Tdonset ~ 321 °C) showed the highest thermal stability,
followed by SEDPP (Tdonset ~ 317 °C) and SEDPPO (Tdonset ~ 298 °C)
under air atmosphere. The high decomposition temperatures of the
compound indicate their suitability for the PP extrusion process,
which is usually performed below 250 °C. SEDOPO and SEDPPO decom-
pose completely, leaving residue less than 2% at 800 °C; thus, likely,
these compounds may primarily be active in the gas phase. In contrast,
SEDPP yields a slightly higher residue of around 6% under the air atmo-
sphere and 18.5% in the N2 environment at 800 °C.

In general, for all PP blends, higher thermo-oxidative stability was
observed compared to blank PP. For PP-SEDOPO, SEDPPO blends, the
Tdonset and Tdmax shifted towards higher temperatures in an oxidative
Table 5
Thermal properties of blank PP, FR additives, and the PP-FR blends.

Samples Tdonset [°C] Tdmax [°C] R

N2 Air N2 Air N

PP-Blank 402 241 438 281 0
SEDOPO 322 321 338 336 4
PP-10% SEDOPO 412 248 445 294 0
PP-15% SEDOPO 400 265 444 333 0
SEDPPO 294 298 309 314 2
PP-10% SEDPPO 407 250 436 309 1
PP-15% SEDPPO 406 265 437 314 0
SEDPP 327 317 341 338 1
PP-10% SEDPP 418 240 445 288 0
PP-15% SEDPP 427 246 450 294 0

Tdonset (°C): the temperature of weight loss begins and Tdmax (°C): the temperature of the max
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environment than blank PP (Table 5). A shoulder is visible in the DTG
curve measured under the nitrogen environment for PP-SEDOPO and
PP-SEDPPO blends (Fig. S9b, d), indicating the possible early decompo-
sition of SEDOPO and SEDPPO to release volatiles and subsequent decay
of PP. Furthermore, a small shift in the thermal stability of PP in both
inert and oxidative environments was noted with the incorporation of
SEDPP into the PP matrix (Fig. S9e, f). To further understand the
thermo-oxidative stability of the bridged sulfone/PP blends, thermal de-
composition kinetics experiments were performed (Fig. 4) and activa-
tion energy of decomposition was evaluated. The variation in
activation energy (Ea) with the degree of conversion for PP and
PP-15% SEDOPO, SEDPPO, and SEDPP blends are presented in Fig. 4.
The activation energy required to initiate the decomposition (α = 0)
of PP-SEDPP is 92 kJ.mol−1and, relatively higher than the energy
needed to initiate decomposition of PP-SEDOPO and PP-SEDPPO. At
the initial stage of conversion (α = 0.1), the activation energies for
PP, PP-SEDOPO, PP-SEDPPO, and PP-SEDPP are 78, 67, 62, and 62 kJ.
mol−1, respectively. For the PP-SEDOPO blend, the activation energy
from80 (α=0) to 109 kJ.mol−1 (α=0.8) progresses through different
conversion phases. There is a sharp rise in activation energy during the
initial stages (α > 0.1) of thermal decomposition, representing a de-
compositionmechanismwhere SEDOPO strongly interfered in the ther-
mal decomposition process of PP and retard the release of volatiles.
Furthermore, the increase in the activation energy of PP-SEDPP at the
latter stages of conversion can be due to the limited char formation.
This char acts as a thermal barrier and requires higher energy for de-
composition. The activation energy for PP, PP-SEDOPO, PP-SEDPPO,
and PP-SEDPP at the final stage of decomposition (i.e., α = 0.8) are
69, 109, 91, and 112 kJ.mol−1, respectively. Hence, the added FRs in
the PP matrix delayed the decomposition of PP. Studies on other FRs
in PP have also demonstrated an increase in activation energy of decom-
position for PP [62].

The tertiary proton in PP is liable to the free radical degradation
mechanism [63,64]. As illustrated in Scheme S1, after removing the ter-
tiary hydrogen, the carbon radicals are liable to react with oxygen (O2),
forming peroxide radicals. The subsequent decomposition of the peroxy
radicals follows two possible mechanisms. The first possible degrada-
tion mechanism is a termination reaction, leading to a terminal alde-
hyde or unsaturated group in the case of primary and secondary
peroxide radicals.

The second possibility is creating PP polymer chains with a reduced
molecular weight by rearrangements at the tertiary carbon radical [65].
Thus, it is essential to have antioxidants or additives which can neutral-
ize polymeric radicals and prevent oxidative degradation [66]. During
melt processing at high temperatures, the alkyl sulfone bridged phos-
phorus compounds (SEDOPO, SEDPPO, and SEDPP) decompose to pro-
duce phosphorus and sulfone-based radicals. These radicals react with
esidueat800 °C[wt%] Melting Point [°C] Crystallization Point [°C]

2 Air

.30 0.61 165 112

.29 2.67 248 211

.59 1.80 165 118

.59 2.21 166 119

.20 1.25 202 131

.55 0.30 167 118

.30 1.5 167 115
8.5 5.96 148 80
.50 1.31 167 116
.18 1.23 166 118

imummass loss rate measured as the DTG peak maximum.



Fig. 4. Variation in activation energy with the degree of conversion for PP blank and PP-FR blends calculated using the Kissinger method.
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peroxide radicals, protect the PP polymer chain from fire, and delay the
thermal-oxidative degradation (Scheme S1).
3.7. TGA-FTIR analysis of evolved gases

To further understand the thermal decomposition behavior of PP
formulations and postulate amode of action of the bridged sulfone com-
pounds, evolved gases formed during pyrolysis experiments in TGA
were analyzed with TGA-FTIR. The 3D plot of the TGA-FTIR spectra for
the blank PP and PP-FR blends are shown in Fig. S11 and the extracted
FTIR curves of evolved volatiles under different temperatures are pre-
sented in Fig. S12. It can be seen in Fig. 5 that themaximum absorbance
intensities of all selected pyrolysis products of blank PP and FR-PP
blends appear close to the decomposition temperature of the polymer
matrix. The release of flammable volatiles like alkanes and alkenes is
much lower for sulfone bridged/PP matrix, as shown in Fig. 5. Among
PP-FR blends, PP-SEDOPO possesses the lowest flammable volatility,
followed by the PP-SEDPPO blend. Thus, a reduced amount of flamma-
ble species can lower the fuel response from underlying material and
improve the fire resistance of PP.
Fig. 5. TGA-FTIR spectra of the total pyrolysis products and intensity of characteristic peak
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3.8. DIP-MS and mode of action

ThereisalimitedcharformationfortheFR-PPblendsunderN2andox-
idative conditions compared to the blank PP (Table 5). Bridged sulfone
compoundsmay be active in the gas phase; hence, DIP-MS analysis was
performed to evaluate the chemistry of volatiles produced during the
thermal decomposition of the FR-PP blends. Fig. S13 shows the total ion
chromatogram (TIC) for blank PP and FR-PP blends. SEDPP and SEDPPO
blends show the presence of volatile components earlier compared to
theblankPP andSEDOPO-blend. ExtractedMS- TIC curves of thebridged
sulfone-PP blends are presented in Fig. S14, S15, and S16 in the SI part.

The decomposition mechanisms for SEDOPO, SEDPPO, and SEDPP
generally involve elimination and hydrolysis reactions. From the
evolved gas analysis by TGA-FTIR and DIP-MS measurements, a simpli-
fied decomposition pathway for the FR additives is proposed in Scheme
2. For the PP-SEDOPOblend, species corresponding tom/z 168, 216, 243,
and 335 were observed, representing dibenzofuran, DOPO, ethyl DOPO
andmethylsulfonyl-ethyl DOPO, respectively (Fig. S14). Initially, the de-
composition of SEDOPO leads to the formation of fragments a and b
(Scheme 2) and subsequently, the decomposition of DOPO further
leads to the formation of stable intermediates such as dibenzofuran
s for selected pyrolysis products of PP blank, PP-15%SEDOPO, SEDPPO, SEDPP blends.



Scheme 2. Proposed thermal decomposition pathways for FRs additives based on DIP-MS analysis. Note: Structures depicted in grey are unidentified species in DIP-MS.
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(e) and biphenyl (f) along with the production of PO• and PO•
2 active

species. Further decomposition of the ethylsulfonyl-ethyl DOPO
(a) releases the sulfone containing alkane, which further undergoes
C\\S bond cleavage and subsequent elimination of alkyl radicals
(c) and SO2 (d). Similarly, for SEDPPO blends, the identified fragments
in DIP-MS are summarized in Fig. S15. The PP-SEDPPO thermal decom-
positions initially provide species such as (2-(ethylsulfonyl)ethyl)
diphenylphosphine oxide (g) and diphenylphosphine oxide (h) and
9

compound h undergoes subsequent cleavage to produce active PO•

and benzene. The (2-(ethylsulfonyl)ethyl)diphenylphosphine oxide
(g) further leads to the elimination of alkyl radicals (c) and sulfone
(d), scheme 2. In case of SEDPP blends, cis-elimination leads to the pro-
duction of diphenyl (2-(ethylsulfonyl)ethyl)phosphonate (k), (2-((2-
(oxo(phenoxy)-l4-phosphaneyl)ethyl)sulfonyl)ethyl)phosphonate
(l) along with diphenyl phosphonate (m) products. The compound l
further decomposes to species n and diphenyl phosphonate
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arrows in the inset plot indicate the yield points.
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decomposes to form phenol (o) and benzene (j), as shown in Scheme
2. The decomposition of SO2 containing compounds is already known
in the literature and the proposed scheme is in good agreement with
the published data [57]. Based on these observations, a simplistic de-
composition pathway for the bridged sulfone compounds and their
possible mode of action is proposed in Scheme 2. As highlighted,
the production of PO• and SO2 species for the alkyl sulfone bridged
phosphorus FRs boosts their flame inhibition action.

Combining accumulated data acquired from TGA, MCC, and vertical
fire test (BKZ-VB), a predominant gas-phase activity for all bridged
compounds is thus predicted. Generally, an FR additive should decom-
pose and evolve active species in the gas phase at a temperature close
to the polymer matrix decomposition temperature.
3.9. Mechanical behavior for PP films of optimized blends

Melt extrusion of thin films requires high stability of the additives in
a molten state and provides samples with partially oriented chains for
mechanical tensile testing. As proof of concept, we extruded films
from PP-SEDOPO blends, which showed to be themost promising com-
pounds. Fig. 6 shows the exemplary load-strain curves of the films. The
curve of the blank PP depicts a shape that is typical for a partially ori-
ented PP film. A yield point indicates the expected transition from elas-
tic to plastic deformation. Since deformation is irreversible after passing
the yield point, the latter represents maximum elastic deformation
(yield strain) and respective (yield) stress, described in Table 6.

To assess the additive influence on the elastic deformation of PP film,
yield stress and yield strain are compared (Table 6). Field stress slightly
increased when FR was added, while yield strain was considerably re-
duced, indicating increased stiffness. On addition of SEDOPO to PP (10
and15%), theplastic deformationof PPfilm is hinderedasfillers can con-
strainpolymerchainmobility[67].Asaresult, thefilmbreaksafterhaving
passed the yield point, whichmeans that the extruded film ductility is
Table 6
Tensile tests result of PP blank and PP-10, 15% SEDOPO films.

Sample
Type

Sample
name

Nominal
melt-pump
through-put
[cm3/min]

Yield
stress
[MPa]

Yield strain
[%]

PP-Blank 33.6 34.9 ± 2.0 18.4 ± 3.4
Films PP-10% SEDOPO 33.6 38.2 ± 0.9 11.5 ± 1.1

PP-15% SEDOPO 33.6 36.6 ± 1.9 9.8 ± 1.0
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strongly afflicted by FR addition. Similar effects are also reported for
other DOPO derivatives inmechanical flexibility tests [68].

4. Conclusions

In this study, a simplified synthesis procedure for three new alkyl
sulfone bridged phosphorus compounds was developed, which has
the potential to be upscaled in industry. The bridged sulfone com-
pounds were incorporated in the PP matrix via the melt extrusion
process and formed into plates and films. The rheological measure-
ments of the FR/PP blends show that a higher viscosity was achieved
for the blends; hence, the degradation mechanism during processing
becomes less severe with the bridged sulfone compounds. Fire test
results of the PP blends at 10% (around 1% phosphorus content) FR
indicated that SEDOPO and SEDPPO have superior flame retardant
(FR) performance compared to SEDPP. MCC measurements and
cone calorimetry measurements demonstrated the flame retardant
effectiveness of PP-SEDPPO and PP-SEDOPO blends as lower heat re-
lease rates were observed. Among all PP blends, the lowest peak heat
release of 27% and 49% (reduction compared to blank PP) in MCC and
cone calorimetry experiments were noted for the 15% PP-SEDOPO
blend. The thermal decomposition kinetics experiments respectively
were performed and the bridged sulfone derivatives show higher ac-
tivation energy for the decomposition compared to the blank PP at
higher conversion, thus further confirming the stabilizing effect of
the bridged sulfone compounds under oxidative conditions. The
TGA-FTIR and DIP-MS analysis confirmed that the alkyl sulfone
bridged phosphorus derivatives are primarily active in the gas
phase via SO2 and PO species formation. To expand the scope of ap-
plication of such bridged sulfone compounds, fiber spinning trials
and detailed mechanical analysis are planned in future work. In par-
ticular, the reduction of FR content with the addition of a suitable
synergist will be explored to reduce the adverse effect of high filler
loadings on mechanical performance. Future experiments will also
address the improvement of dispersion of bridged sulfone deriva-
tives in PP matrix by use of suitable compatibilizers.
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