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a b s t r a c t

In this work we have performed a comprehensive study on synthesis, processing, detailed material
characterization and preliminary assessment of toxicity of relatively new flame retardant (FR) additives
as a key for developing environmentally friendly fire safe polyesters. Two 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide (DOPO) based FR additives were synthesized using principles of green
chemistry and incorporated via thermal processing in high temperature polyesters such as polyethylene
terephthalate (PET) and polybutylene terephthalate (PBT). The green synthesis strategies included (i) the
use of N-chlorosuccinimide as a sustainable chlorinating agent for DOPO and (ii) a solvent and catalyst
free microwave-assisted synthesis. Atomistic molecular dynamics (MD) simulations were employed in
order to calculate the solubility parameters of these additives so as to estimate their compatibility in the
polyesters. Detailed rheological measurements of the polyester/FR blends were carried out and the re-
sults indicated a clear difference in all three additives tested. Based on these analyses, 6H-dibenz[c,e][1,2]
oxaphosphorin,6-[(1-oxido-2,6,7-trioxa-1-phosphabicyclo[2.2.2]oct-4-yl)methoxy]-, 6-oxide (DOPO-
PEPA) exhibited the highest compatibility with both polyesters and their blends and showed the highest
thermal-oxidative stability guaranteeing stable and steady processing at high temperatures. All poly-
ester/FR formulations exhibited higher flame retardancy compared to the virgin polyesters in the small
scale fire tests. The FR additives were evaluated for their potential toxicity using a well-established
in vitro platform. Our results indicate no acute cytotoxic potential for all FRs analyzed in two different
cell types (the human lung epithelial cell line A549 and macrophages derived from the monocytic cell
line THP-1) and under the chosen experimental conditions.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

There is increasing demand for the development of environ-
mental friendly fire safe materials which fulfill both ecological and
commercial requirements. In addition, these materials need to be
fully characterized for their physical and chemical properties and
their ease of processability for eventual industrial exploitation. Like
in case of other additives, it is important that a flame retardant (FR)
additive do not interfere with steady melt processing in typical
n).

al Laboratories for Materials
polymer extruders. Therefore, it is required that the melt properties
of the polymer/FR blends do not change significantly during the
processing. Most common polymers are not suitable for fire safe
applications and are rendered flame retardant by incorporating an
FR additive in the polymer bulk or via coating on the surface.
Incorporating FR additive in the bulk via thermal processing is
relatively simple, economical and more durable to environmental
influences. The key to reducing waste and improving sustainability
of functional materials is to develop additives via green chemistry
strategy. There are 12 important principles involved in green
chemistry, for example, the chemical should be non-toxic, toxic raw
materials and solvents should be avoided, high atom economy and
the use of renewable feedstock [1].

Some halogenated flame retardants are prohibited [2] due the
concerns regarding their toxicity [3]. In the last decades the
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impetus has shifted to the development of environmentally
friendly flame retardants (FRs). Among the many classes of FR ad-
ditives, new phosphorus containing FRs [4e7] are considered po-
tential replacements for the toxic FRs [3]. More recently some
phosphorus based FRs have also come under scrutiny of various
regulatory and environmental agencies. Some phosphorus based
FRs have been found to be toxic and are currently being phased out
or their usage restricted [8e12].

A variety of new phosphorus compounds as potential
replacement for toxic FRs have been synthesized by many re-
searchers [4e7], however, in most cases the toxicity data of these
compounds are unknown. Furthermore, they often employ syn-
thesis strategies which do not follow the principles of green
chemistry as outlined earlier, for instance, in some work phos-
phorus FRs have been synthesized with toxic carbon tetrachlo-
ride as reagent [13e16]. Among the phosphorus based FRs,
development of 9,10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide (DOPO) and its derivatives have gained much attention
in the research and industrial community due to its efficient and
versatile FR action. They have recently been reported to be
harmless for aquatic organisms and human cells [17,18]. DOPO
and its derivative 6,60-(ethane-1,2-diylbis(azanediyl))bis(6H-
dibenzo[c,e][1,2]oxaphosphinine-6-oxide) (EDA-DOPO) do not
induce acute cytotoxicity in human lung epithelial cell as well as
human macrophages. Furthermore, both FRs are not neurotoxic
and do not exhibit an influence on neural crest cell migration, or
on the integrity of human skin equivalents. Furthermore, the two
compounds have no effect on algae growth or daphnia viability at
concentrations �400 mM [18] which is one of the tests required
for REACH registration in Europe [19]. Another DOPO derivative
10-(2,5-dihydroxyphenyl)-9,10-dihydro-9-xa-10-
phosphaphenanthrene-10-oxide (DOPO-HQ) has also been eval-
uated for its eco-toxicity and was found to have toxicity markedly
lower than commercially prevalent phosphates [20].

In this work we have evaluated in detail two DOPO derivatives
(Fig. 1) as potential FR additives to develop nontoxic flame retar-
dant polyester based materials. The DOPO derivatives 6H-Dibenz
[c,e][1,2]oxaphosphorin, 6-[(1-oxido-2,6,7-trioxa-1-phospha
bicyclo[2.2.2]oct-4-yl)methoxy]-, 6-oxide (DOPO-PEPA), 3-(6-
oxidodibenzo[c,e][1,2]oxaphosphinin-6-yl)propanamide (AAM-
DOPO) were synthesized taking into consideration the principles of
green chemistry and processed with polyethylene terephthalate
(PET) and polybutylene terephthalate (PBT) to make FR films. In
addition to the synthesized DOPO derivatives a commercial phos-
phorous based FR Aflammit PCO 960 was used in this study for
comparison. This commercial additive is known to be suitable for
polyester applications; however, there exist little information in the
literature regarding its processability and FR efficacy. The initial
choice of these additives for this work was based on their reported
high thermal stability [15,21]. The compatibilities of the FRs with
the polyesters were checked by means of atomistic molecular dy-
namics (MD) simulations of the solubility parameters of the com-
ponents. Furthermore, rheological measurements were performed
to assess the melt characteristics of different polyester/FR systems
Fig. 1. General chemical structure
at the processing temperatures. The FR films were further evalu-
ated for flammability using small scale fire tests. The toxicological
profile of the additives was assessed using a well-established bat-
tery of in-vitro test. With these detailed multi-dimensional ana-
lyses, we aim to draw a comprehensive picture of the benefits of
using these relatively new additives in combinationwith polyesters
to develop environment friendly fire safe polyesters.

2. Experimental section

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) was purchased from Metadynea GmbH (Austria), all other
chemicals for synthesis were purchased from Sigma Aldrich
(Switzerland) and were used without further purification. Aflam-
mit PCO 960 was purchased from Thor GmbH, Germany. 1-oxo-4-
hydroxymethyl-2,6,7-trioxa-l-phosphabicyclo[2.2.2]octane (PEPA)
was bought from Carbosynth Limited, United Kingdom. The base
polymers polyethylene terephthalate (PET) and polybutylene
terephthalate (PBT) were provided by Serge Ferrari Tersuisse AG
(Emmenbrücke, Switzerland) and Sukano AG (Schindellegi,
Switzerland) respectively.

2.1. Synthesis of DOPO derivatives

2.1.1. Synthesis of DOPO-PEPA
DOPO (5.0 g, 23.1mmol) was charged in a three-neck round

bottomed flask connected to a condenser and N2 inlet. Dry Toluene
(50mL) was added under nitrogen, followed by the addition of N-
Chlorosuccinimide (NCS) (3.40 g, 25.4mmol) in small portions via
side arm under N2 at ambient temperature. After complete addi-
tion, the reaction mixture was stirred at ambient temperature
overnight. The white precipitates were removed by filtration under
N2 using Schlenk frit. The solvent was removed under vacuum. The
residue was re-dissolved in dichloromethane (50mL) and trans-
ferred under N2 to a dropping funnel and was slowly added to a
mixture of 1-oxo-4-hydroxymethyl-2,6,7-trioxa-l-phosphabicyclo
[2.2.2]octane (PEPA) (4.17 g, 23.1mmol) and triethylamine (2.80 g,
27.8mmol) in dichloromethane (100mL) at ambient temperature.
The reaction was again stirred overnight at ambient temperature.
The solvent was then completely removed and ethanol (50mL) was
added while stirring, forming a white product. The product was
then collected by filtration and washed with ethanol and dried in
vacuum at 80 �C until constant weight (4.45 g, 50% yield). The NMR
data fit well with the earlier published reports (Fig. S1 of the
Supporting Information) [15].

2.1.2. Synthesis of AAM-DOPO
DOPO (5.40 g, 25mmol,), acrylamide (355mg, 50mmol) were

placed in a heavy-walled glass vials sealed with aluminum crimp
caps fitted with a silicon septum. The glass tube (with an inner
diameter of 3 cm and a volume 60mL) containing the reaction
mixtures was sealed with a lid and heated in the microwave oven
for 2 h at 120 �C (50 Bar, 1200W) under N2 atmosphere. The re-
actions were performed in Synthwave Microwave Single Reaction
of flame retardant additives.
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Chamber provided by MWS Mikrowellen Systeme GmbH,
Switzerland. The reaction mixture was continuously stirred with a
magnetic stirrer during the irradiation. The temperature, pressure
and irradiation power were monitored during the course of the
reactions. After cooling down, the solids were washed with water
and dried in vacuum at 80 �C as white powder with 66% yield. The
NMR data (Fig. S2 of the Supporting Information) and the melting
point concur well with the published data [21].
2.2. Atomistic simulations

Atomistic molecular dynamics (MD) simulations were
employed in order to calculate the Hildebrand solubility parame-
ters of different FRs used in this work [22]. In the simulations, the
solubility parameters of different FRs were calculated from the
cohesive energy of a system of molecules per unit of volume, i.e. the
cohesive energy density (CED) [22,23]. Such a system of molecules
was generated using the Amorphous Cell module of the BIOVIA
Materials Studio [24] simulation software by including 50 mole-
cules of each FR in a box and averaging over all configurations. The
molecules in their full atomistic representations were allowed to
interact with each other using the COMPASS force field provided in
the Forcite module of the Materials Studio. Prior to CED calcula-
tions, the simulation box was allowed to equilibrate in a NPT
ensemble for 500 ps to reach its equilibrium density at 400 K and
1 atm. It was checked that the systems reached their equilibrium
densities in these simulations, see for example the equilibrated
simulation box for DOPO-PEPA shown in Fig. 2. The solubility pa-
rameters were then calculated based on the various contributions
of the force field interactions. The contributions of the van der
Waals and electrostatic interactions to the total solubility param-
eter were also derived from the simulations.
Fig. 2. The equilibrated simulation box after the MD simulations (the NPT run) con-
taining atomistic representations of DOPO-PEPA molecules used to perform CED cal-
culations. The colors represent different atoms as follows; white: H, red: O, purple: P,
and gray: C. The simulation box has periodic boundary conditions on all sides. (For
interpretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
2.3. PET film preparation

Polymers and FR additives were mixed with a gravimetric
feeding system and subjected to a film extrusion line (Thermo
Fisher Scientific, Karlsruhe, Germany) as depicted in Fig. 3. A
Rheomex OS single screw extruder with diameter D¼ 19mm and a
length to diameter ratio of L/D¼ 25 was used to melt and feed the
polymer to a Haake OS melt pump which in turn supplied the
polymer melt at a fixed throughput to the slit die
(width¼ 100mm). A static mixer was installed between extruder
and melt pump to improve the distributive mixing and tempera-
ture uniformity of the melt stream. The extruder pressure was set
to 55 bar to ensure effective operation of the melt pump. Temper-
ature of the calenders needed to solidify and shape the material
was fixed at 65 �C, and the gap opening between the take-up cal-
endars was set to 0.4mm. Prior to extrusion, the polymers and the
FR additives were vacuum dried for 12 h at 105 �C (PBT) and 125 �C
(PET), respectively. Table 1 summarizes the various polyester/FR
formulations and additional operating parameters of the different
film extrusion trials performed in the present study are given in the
Supporting Information (Table S1). Different concentration of flame
retardant additives was taken in various formulations so as to keep
the amount of phosphorus in the films constant. All manufactured
films were around 0.5mm thick and 60mm wide. It should be
noted that the control of additive content in the final films is a very
sensitive process due to the intrinsic oscillations in the gravimetric
feeding system. Thus it is likely that there will be small variations in
final additive concentrations in various films. PBT and PET films
were obtained as opaque and transparent material respectively and
addition of the three additives had no significant influence on the
films appearance.
2.4. Elemental analysis, thermal and fire characterization of the
films

Phosphorus content analyses of the films was carried out using
the inductively coupled plasma optical emission spectrometry
method (ICP-OES), on an Optima 3000 (PerkinElmer AG, Rotkreuz,
Switzerland) apparatus. Sample preparation for ICP-OES consisted
of mixing 300mg of sample with 1mLH2O2 and 3mL HNO3, fol-
lowed by digestion using a microwave.

Limiting Oxygen Index (LOI) values of all films were measured
on FTT oxygen index apparatus according to ASTM D2863-97. The
dimension of specimens for LOI test was 150� 50mm.

Vertical burning tests were performed according to the Swiss
Standard (BKZ-VB) as described in the literature [25]. Polyester
films in vertical orientation were exposed to a flame (45�) for 15 s
and the burn length and burn time measured. Most thermoplastic
fibers drip when exposed to fire and adequate heat. Thus in the
Fig. 3. Schematic assembly of the film extrusion line (The extruder pressure was set to
55 bar at the static mixture).



Table 1
Film formulations and basic extrusion parameters for polyester/FR blends.

Sample
name

Base
polymer

Additive/content [%] Extrusion through-put [kg/
h]

Extrusion temp.
[�C]

Predicted phosphorus content [w
%]

Measured phosphorus content [w
%]

PBT PBT e 2.9 235 e e

PBT/AF PBT 3.0% Aflammit PCO
960

2.9 240 0.72 0.63

PBT/DP PBT 5.0% DOPO-PEPA 2.9 235 0.78 0.77
PBT/AD PBT 7.3% AAM-DOPO 2.8 235 0.79 0.53
PET PET e 2.8 270 e e

PET/AF PET 3.0% Aflammit PCO
960

2.8 270 0.72 0.64

PET/DP PET 5.0% DOPO-PEPA 2.8 270 0.78 0.75
PET/AD PET 7.0% AAM-DOPO 2.8 265 0.76 0.50
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vertical burning tests the dripping behavior of the specimens was
also observed. Five specimens were tested for LOI and vertical
burning tests and an average value reported.

Direct insertion probe mass spectrometry (DIP-MS) was used
to evaluate possible gas-phase activity and the degradation pro-
cesses of the FRs. The samples were introduced into a quartz
microcup in contact with a heating probe, whose tip was inserted
into the ionization chamber, maintained at strongly reduced
pressure of 10�6 mbar. DIP-MS analyses were conducted for
1e2 mg polymer film samples using a ThermoQuest FINNIGAN
instrument (Thermo Finnigan/Thermo Scientific, San Diego, CA,
USA). The probe was heated from 50 to 450 �C at a rate of 10 �C/
min.

Energy dispersive X-ray spectroscopy (EDX) was applied in
combination with a scanning electron microscope (SEM) using an
Inca X-sight device from Oxford Instruments (EDX) and a S-4800
microscope from Hitachi (SEM). For each sample, the EDX analysis
was performed at two different areas on completely charred sam-
ples obtained from TGA, and an average value was obtained from
the resulting elemental compositions. An area of about
100 mm� 100 mmwas scanned for the EDX measurements using an
acceleration voltage of the electron beam of 20 kV, an emission
current of 15 mA and a working distance of 15mm. Under these
experimental conditions, the information depth is in the order of a
couple of microns.
2.5. Rheological measurements

Rheological measurements were conducted on the extruded
films of PBT and PET blends containing different FRs. Prior to the
experiments, the samples were dried in a vacuum oven for 12 h at
100 �C and for 4 h at 140 �C to completely remove any moisture
from the films before the tests. Two sets of tests were carried out
on the samples utilizing an Anton Paar Physica 301 MCR rota-
tional rheometer (Austria) equipped with a parallel plate fixture
with a diameter of 25mm and a constant gap of 1mm. In the first
set, oscillatory amplitude sweep tests were performed under a
nitrogen environment at a constant oscillation frequency of
10 rad/s. In the second set, the thermal-oxidative stability of the
melts were studied by measuring the evolution of oscillatory
material functions at a constant oscillation frequency and strain
of 1 rad/s and 1%, respectively, over 2 h under an oxygen envi-
ronment. Before starting the measurements the samples were
allowed to rest in the rheometer chamber for 30 s at the test
temperature in order to reach a homogenous thermal equilib-
rium in the sample and minimize its prior history. Finally, it
should be noted that all rheological tests on the PBT and PET
samples were performed at constant temperatures of 250 and
290 �C, respectively.
2.6. In vitro toxicity assessment of FR additives

2.6.1. Flame retardant solutions
All FRs and some intermediates were solubilized in pure

dimethylsulfoxid (DMSO) at a concentration of 500mM. Serial pre-
dilutions were prepared in DMSO. Final dilutions were prepared in
complete cell culture medium (MTS assay) or Hanks balanced salt
solution (HBSS; DCF assay).

2.6.2. Cell culture conditions
The human alveolar epithelial cell line A549 (ATCC: CCL185) as

well as the humanmono-cytic cell line THP-1 (ATTC: TIB-202) were
used to assess FR toxicity in vitro. Both cell lines were cultured in
Roswell Park Memorial Institute (RPMI-1640) medium (Sigma-
Aldrich) supplemented with 10% FCS (Fetal Calf Serum) (Lonza),
2mM L-glutamine (Gibco), 50 mg/mL penicillin (Gibco), 50 mg/mL
streptomycin (Gibco), and 100 mg/mL neomycin (Gibco) at 37 �C in a
humidified atmosphere containing 5% CO2 (hereafter referred to as
complete cell culture medium and standard growth conditions,
respectively). The adherently growing A549 cells were subcultured
at approximately 80e90% confluency using 0.5% trypsin-EDTA
(Sigma-Aldrich). In contrast THP-1 cells grew in suspension cul-
tures and were subcultured by replacement of the medium when
the cell density reached 8� 105 cells/mL. Cell concentrations were
not allowed to exceed 106 cells/mL. All experiments using THP-
1 cells were carried out after differentiation of THP-1 monocytes
into macrophages. Therefore cells were grown in the presence of
200 nM phorbol-12-myristate-13-acetate (PMA; Sigma-Aldrich) for
72 h.

2.6.3. Cell viability assessment (MTS assay)
A549 cells were seeded at a density of 1� 104 cells per well of a

96-well cell culture plate in 200 mL complete cell culture medium
and grown over night under standard growth conditions. There-
after cells were treated for 48 h with 100 mL standard growth me-
dium per well containing increasing concentrations of the FRs or
the positive control agent CdSO4. CellTiter96® AQueous One Solu-
tion (Promega) containing MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxy-phenyl)-2-(4-sulfophenyl)-2H) as awater-soluble
tetrazolium compound was used in accordance with the manu-
facturer's protocol. After 1 h of incubation under standard growth
conditions absorption was detected at 490 nm using a Multimode
plate reader (Mithras2, Berthold Technologies).

THP-1 cells were seeded at a density of 8� 104 per well of a 96-
well cell culture plate in 200 mL complete cell culture medium
containing 200 nM PMA and allowed to differentiate under stan-
dard growth conditions for 72 h. Thereafter cells were washed
twice with pre-warmed (37 �C) phosphate buffered saline (PBS).
Treatment and absorption measurement were carried out as
described for A549 cells above.
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2.6.4. Detection of reactive oxygen species (ROS) (DCF assay)
For the detection of ROS the dichlorofluorescein (DCF) assay

(Molecular Probes) was used. A549 cells were seeded at a density of
2� 104 cells per well of a 96-well cell culture plate in 200 mL
complete cell culture medium and grown over night under stan-
dard growth conditions. The cells were then loaded with 20,70-
dichlorodihydrofluorescein diacetate (H2DCF-DA; 50 mM in HBSS)
for 1 h under standard growth conditions. After two washing steps
with pre-warmed (37 �C) HBSS cells were treated for 2 h with
100 mL HBSS per well containing increasing concentrations of flame
retardants. The peroxynititrite-generating compound 3-
morpholinosydnonimine (Sin-1; 50 mM in HBSS) served as the
positive control. Fluorescence intensity was measured using a
Multimode plate reader (Mithras2, Berthold Technologies) at an
excitation wavelength of 485 nm and an emission wavelength of
528 nm.

Likewise 8� 104 THP-1 cells were seeded per well of a 96-well
cell culture plate in 200 mL complete cell culture medium con-
taining 200 nM PMA and allowed to differentiate under standard
growth conditions for 72 h. Thereafter cells were washed twice
with pre-warmed (37 �C) HBSS and loaded with 50 mMH2DCF-DA
in HBSS for 1 h under standard growth conditions. Treatment and
measurement conditions were identical to those described for
A549 cells above.

2.6.5. Data processing
Blank samples that did not contain cells but were treated exactly

the same way were run with each cell-based assay. Values given in
the graphs are blank-corrected and subsequently normalized to the
untreated control sample. The mean and corresponding standard
deviations of at least three independent experiments are given. For
each experiment three technical replicates were carried out.

3. Results and Discussion

3.1. Synthesis of flame retardants and analysis

The conventional synthesis of DOPO-PEPA using Atherton-Todd
method has already reported in the literature [15] The synthesis of
DOPO derivatives containing P-O and P-N bonds are usually per-
formed using Atherton-Todd synthetic method where the P-H bond
of DOPO is converted to P-Cl in situ. [6,15] This synthetic method is
quite simple and versatile for many amine and alcohol based nu-
cleophiles [26]. Carbon tetrachloride (CCl4) is normally used as a
chlorinating agent in this case. However, it is toxic [27] and ozone
depleting and banned for industrial applications in Europe. Thus
any future industrial exploitation of DOPO-derivatives (P-O, and P-
N derivatives) synthesized using CCl4 is not feasible. As an alter-
native to CCl4 as chlorination agent the use of sulfuryl chloride and
trichloro cyanuric chloride (TCCA) as chlorinating agents for P-H
bond of DOPO has been reported [14]. Sulfuryl chloride is relatively
cheap but it is corrosive and requires special handling and its use in
the chlorination reaction produces toxic byproducts like SO2 and
HCl which need to be trapped and the waste treated. The use of
TCCA can be considered sustainable due to its potential reuse
(regeneration of cyanuric acid to TCCA) however its reaction with
phosphorus compounds is very exothermic and poses potential
explosion hazard in big scale synthesis in industry [14].

Herein, we report the use of N-chlorosuccinimide (NCS)
(Scheme 1) as chlorinating agent for converting P-H bond of DOPO
to P-Cl. Despite its utilization as a chlorinating agents for hydro-
carbons [28e30], to the best of our knowledge, its use in converting
P(O)-H bond to P(O)-Cl bond is limited to hydrogen phosphonates
[31e33]. The use of NCS as chlorinating agent can be considered
sustainable because the major byproduct formed in the
chlorination reaction (Scheme 1) is succinimide which can be
recovered and reused to regenerate the NCS. This methodology is
promising for industrial exploitation as green and effective low-
cost synthetic route without non-desirable waste products [34]. It
is further noted here; despite our best efforts to replace dichloro-
methane as solvent with other environment friendly solvents we
couldn't improve the yield of the reaction especially in the second
stage. Though the chlorinating step can be performed with other
solvents such as acetonitrile, toluene, 2- methyl tetrahydrofuran,
etc. the subsequent step of reaction with PEPA resulted in compli-
cations like poor yields, low solubility of PEPA and formation of
many byproducts which were not possible to be removed.

The synthesis of AAM-DOPO via a Michael Addition reaction in
toluene and a catalyst (1,8-diazabicyclo[5.4.0]undec-7-ene) is re-
ported by Liu et al. [21]. A solvent and catalyst free synthetic
strategy can be considered green. Thus we in this work report a
solvent and catalyst free microwave assisted synthesis of AAM-
DOPO similar to a method reported in the literature [35]. The
synthesis of AAM-DOPO was performed using 2 equivalent of
acrylamide to DOPO which resulted in higher yields (67%) as
compared to 1:1 (DOPO: acrylamide) molar ratio (39%). Higher
amount of acrylamide could ensure more probability of Michael
addition compared to other side reactions like self-addition to form
polyacrylamide. The temperature of the reaction (120 �C) was
chosen so as to ensure melting of acrylamide and DOPO and good
mixing. Excess of unreacted acrylamide and possible byproducts
could be easily removed by washing with water. The yields re-
ported for other DOPO derivatives using this methodology is higher
which may be due to the use of small scale reactions and less
reactive alkenes [35]. Unlike the solvent based cleaning procedure
in this work only simple water based washing procedure was used
to remove the byproducts and starting materials. The synthesis
methodologies for both compounds concerning sustainability
described in this work were not fully optimized. Detailed work on
optimized synthesis methodology is intended for future
publications.

Figs. S3 and S4 (Supporting Information) illustrate the thermal
data of the FRs. Understanding the thermal behavior of the FRs may
help us predict and understand their subsequent processing,
thermal and fire behavior of the materials produced from them. As
seen from Fig. S3, among all FRs used in this research the lowest
melting point is exhibited by AAM-DOPO (~170 �C) followed by
DOPO-PEPA (~230 �C) and Aflammit (~250 �C). As these FRs melt
under the processing condition of PET and PBT, it is very likely that
these additives will have plasticizing effect on the polymers during
their thermal processing. Furthermore all additives exhibited
relatively high thermal decomposition temperatures (TD 5%),
greater than 250 �C. The DOPO derivatives had higher thermal
stabilities compared to Aflammit PCO 960 i.e. ~300 �C and ~380 �C
for AAM-DOPO and DOPO-PEPA respectively. It is likely that DOPO
derivatives will be more suitable for processing with PET compared
to Aflammit PCO 960. High thermal stability of DOPO-PEPA could
offer process stability and possible recyclability of the final mate-
rial. Aflammit PCO 960 and AAM-DOPO decomposes via one step
decomposition process (Fig. S4) without leaving any significant
residue at 800 �C. It is likely that these additives volatilize and may
be predominantly active in the gas phase compared to DOPO-PEPA
which leaves a considerable residue of more than 40% at 800 �C.
The PEPA component of DOPO-PEPA is known to work in
condensed phase [36,37].

3.2. Thermodynamic compatibility of FRs with polyesters

It is important to ensure a satisfactory thermodynamic affinity
between the FRs and the polyesters in order to avoid any severe



Scheme 1. Green synthesis strategies for DOPO derivatives.
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phase separation during their processing. The thermodynamic
compatibility of different components in the blends can be eluci-
dated in terms of the classic solubility parameters defined for
different components [23]. These parameters can be determined
either experimentally or theoretically. Theoretical methods which
are often used in literature to determine the solubility parameter of
a new molecule include the detailed atomistic simulations of a
compilation of molecular configurations [22] and the group
contribution method [38,39]. In this work, the solubility parame-
ters of the polyesters were taken from the literature [40e43].
Additionally, atomistic MD simulations were used to calculate the
solubility parameters of the FR molecules. The results are sum-
marized in Table 2. DOPO-PEPA has the lowest solubility parameter
among all FR additives which is due to its relatively low electro-
static contributions. The lower electrostatic contribution to the
total energy of the simulated material (at relatively similar van der
Waals contributions) results in a smaller total non-bonded energy
to volume ratio which translates to the total cohesive energy
density [44,45]. Thus, DOPO-PEPA can be considered the most
compatible FR for PET from the thermodynamic point of view,
while AAM-DOPO has a poorer miscibility with PET. In PBT blends,
Aflammit PCO 960 is the most compatible FR with the matrix,
although DOPO-PEPA still shows good compatibility with PBT. One
can conclude that DOPO-PEPA and Aflammit PCO 960 both show
good compatibilities with the polyesters, whereas the compatibility
of AAM-DOPO is relatively poor in both polymers. These theoretical
calculations regarding the compatibility of the additives correlate
well with the processability data of the additives as described later.
It should be noted that an upper-scale mesoscopic perspective on
the compatibility of each component with the polymers could be
Table 2
The solubility parameters of FRs (calculated from the MD simulations) and the two polyes
[43]). For the FRs, the contributions of the van der Waals and electrostatic interactions t

Material Total solubility parameter (J/cm3)0.5 Van der Waals

AAM-DOPO 22.9 19.6
DOPO-PEPA 21.0 18.9
Aflammit PCO 960 21.4 17.8
PET 19.9e21.9
PBT 21.1e22.6
further provided if one utilizes the total solubility parameter data in
coarse-grained dissipative particle dynamics simulations [46e48].
Such simulations, however, are not expected to add new findings to
the current paper and are thus postponed to a later manuscript.

3.3. Film extrusion

In the course of this work several film extrusion trials were
performed, see Table 1 and Table S1. The processing of DOPO-PEPA
with both PBT and PET was relatively trouble free with the excep-
tion that DOPO-PEPA acted as plasticizer and increased the flow-
ability of the polymer melt, which was compensated by reducing
the temperature of the slit die. Aflammit PCO 960, on the other
hand, exacerbated processability when co-extruded with PBT, most
probably because it did not melt completely at the required pro-
cessing temperature (~240 �C). However with PET, Aflammit PCO
960 shows relatively good processability. Like DOPO-PEPA, AAM-
DOPO also tends to increase the flowability of the polymer melt
most probably due to its plasticizing effect. Feeding the additive
into the extruder was impeded by gradual decomposition (indi-
cated by a yellowing of the melt) and agglutination of AAM-DOPO,
which led to discontinuous processing of the materials. In general,
addition of FRs to the polyesters rendered the material prone to
stick on the take up calender rolls (Fig. 3) during their processing,
which sometimes resulted in an uneven film surface. No attempt to
further optimize the film forming process was undertaken as it is
beyond the scope of this study. The films were evaluated for their
phosphorus content and the data is reported in Table 1. To check
homogeneity of the films, phosphorus content was checked at
various places along the length and width of the films. The
ters (experimentally and/or theoretically derived by others for PET [40e42] and PBT
o the overall solubility parameters are also given separately.

solubility parameter (J/cm3)0.5 Electrostatic solubility parameter (J/cm3)0.5

11.1
8.0
11.1
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phosphorus contentwas found to be relatively constant throughout
the films and the actual phosphorus content matched well with the
predicted content. However, the PBT/AD and PET/AD films had
lower actual phosphorus content compared to the theoretical
concentration. This may be due to possible process instability we
experienced in the film extrusion process as mentioned above in
the text.

3.4. Thermal analysis of the films

The TGA and DSC data of polyester films in N2 environment
shown in Figs. S5 and S6 of the Supporting Information are sum-
marized in Table 3. Addition of FR additives to both polyesters has
negligible influence on the melting point (estimated from the
second DSC cycle) of the polymer. However, the recrystallization
point for the PET is influenced by presence of additives. It is likely
that the FR additives act as nucleating agent and shift the onset of
crystallization to a higher temperature. It is well-known that the
crystallization rate of virgin PET is rather low, and can be promoted
by additives that act as nucleating agents [49]. Except in case of
PET/DP blend, the TGA data clearly shows that addition of FR ad-
ditives lowers the initial decomposition temperature (TD5%) of the
polyesters. Aflammit PCO 960 and AAM-DOPO have the strongest
influence in lowering the initial decomposition temperature (TD5%)
which correlates well with their lower thermal stability as
described earlier. The main stage decomposition of all polyesters
remains mostly similar irrespective of addition of any FR additive.
Except for the PET/DP blend, the residue for all polyesters at 800 �C
remains similar to the blank polyesters. PET/DP shows significantly
higher residue at 800 �C which may be due to possible condensed
phase action of the PEPA component [36,37]. As discussed earlier,
DOPO-PEPA by itself has more than 40% residue at 800 �C and this
could increase also the char content of the formulation considering
no interaction of FR with the polymer. It is very likely that these
additives, particularly Aflammit PCO 960 and AAM-DOPO, act pri-
marily in the gas phase and have negligible influence in the
condensed phase.

3.5. Stability of polyester/FR melts

In order to provide a measure of the viscoelasticity of the
polyester melts, oscillatory amplitude sweep experiments were
carried out and the data is presented in Fig. 4a and b. All poly-
ester formulations exhibit a more dominant viscous behavior
than an elastic response under the testing conditions. The PBT
samples containing FRs show lower storage and loss moduli than
the neat PBT sample indicating an easier overall flowability of the
melts with FRs which augments our assumptions about possible
plasticizing effect of the additives as described earlier. The PET
samples with FRs also show a similar behavior except for the PET
Table 3
Thermal data of the polyester films.

Sample name TD5%/N2

[�C]
TD-main
/N2

[�C]

PBT 363 393
PBT/AF 353 391
PBT/DP 356 391
PBT/AD 351 393
PET 388 432
PET/AF 380 425
PET/DP 388 429
PET/AD 373 429
sample containing Aflammit PCO 960. The PET/AF blend shows
an increase in the storage modulus at higher strains. However,
this increase could be due to changes in the material behavior as
a function of time rather than a strain-induced phenomenon. In
previous studies, it has been shown that PET melts undergo
significant thermal and thermal-oxidative changes [50e53].
These changes are mainly concerned with the chain scission and
crosslinking of PET chains at elevated temperatures in the pres-
ence and/or absence of oxygen. Considering that a single curve of
amplitude sweep is measured in a single run, it can be expected
that similar changes influence the results to some extent. In fact,
a gradual decay in the melt moduli of all of the samples (except
for the PET/AF) is evident prior to the onset of the strain-induced
nonlinear deformations region. Such decay is generally ascribed
to the degradation behavior of the molten polymer [52]. Conse-
quently, we have investigated the stability of the melt properties
of the polyester blends at elevated temperatures in the presence
of oxygen and the data is presented in Fig. 4 c,d. According to the
results, PBT blends show a typical exponential decay in their
viscosity with time, indicating the thermal degradation of the
polymer melt. These results support earlier hypothesis that the
time-dependent molecular changes at elevated temperatures
influence the gradual decay in the oscillatory moduli in the linear
region of the amplitude sweep tests. However, the PET and its
blends behave somewhat differently. The neat PET sample shows
an increase in its viscosity over time as opposed to the decay
observed for the neat PBT. This behavior has been observed
before and is linked to the competition between chain scission
and crosslinking taking place in the melt under either nitrogen or
oxygen environments [50,52,53]. It has been argued that oxygen
triggers such chemical reactions. Therefore, the stability of the
melt is critical and should be considered prior to promoting the
materials for commercialization, particularly since the recycling
of PET is necessary to obtain a sustainable environmental-
friendly production. Indeed, it is important to consider the melt
stability on longer time scales to ensure steady and problem free
recycling using extrusion. In some cases the extruder blockage is
reported for PET melts after a few extrusion cycles due to the
crosslinking reactions [53]. Our results show that the incorpo-
ration of Aflammit PCO 960 in PET as an additive drastically di-
minishes its long term melt stability during the processing by
either activating new crosslinking reactions, or accelerates the
already existing crosslinking reactions. DOPO-PEPA, on the other
hand, seems to control the crosslinking behavior of PET chains
and promote a typical degradation behavior over time. To see
how the crosslinking affects the samples, we conducted DSC tests
in repeating cycles from 20 �C to 300 �C and back to 20 �C again
(the results of these experiments are given in Supporting Infor-
mation Table S2). According to our findings, the crystallinity of
the PET/AF blend is dramatically reduced with each heating-
Residue
at 800 �C
/N2

[w%]

Melting
Point
[�C]

Recrystallization Point
[�C]

4.86 224 194
0.51 223 195
2.56 222 193
2.38 222 194
7.22 253 185
8.08 247 200
16.32 252 189
5.59 254 208



Fig. 4. Storage G0 and loss G00 moduli in oscillatory amplitude sweep experiments of (a) PBT and (b) PET blends with different FRs. The legends of part b are the same as those in part
a. Oscillatory time sweep experiments of (c) PBT and (d) PET blends with different FRs. The inset in part d shows the data for PET samples in greater details. In the beginning of the
time sweeps tests, the viscosity of PBT (at 250 �C) and PET (at 290 �C) melts are ~277 and ~125 Pa s, respectively.

Table 4
Summary of small scale fire tests.

Sample
Name

BKZ-VBa Test LOI %
±0.2

After Flame
(sec)
±1

Burn Length
(cm)
±0.1

Melt Drips

PBT 42 15 Many 24.4
PBT/AF 6 8 NO 27.6
PBT/DP 2 6 Few 28.5
PBT/AD 3 6.9 Few 29.7
PET 53 15 Many 24.6
PET/AF 4 7 No 35.3
PET/DP 0 6 No 35.2
PET/AD 0 7 No 43.2

a Swiss standard vertical fire test.
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cooling cycle whereas the crystallinity does not alter to the same
extent for PET/DP. One can attribute such a significant change in
the crystallization of the polymer chains to the crosslinking of the
polymer chains, which prevents crystallization [54]. As for the
PET/AD sample, the melt viscosity drops so strongly by the
addition of the FR that it can considerably complicate its pro-
cessability in the extruder under normal processing conditions.
This situation is, however, less prominent in the PBT/AD blend
which is indeed processed at a considerably lower temperature
(235 �C in PBT vs 265 �C in PET). The results show that DOPO-
PEPA develops more stable melts over longer time scales with
both polymers, and exhibit typical rheological characteristics,
thus, promoting their use in further recycling processes. DOPO-
PEPA can facilitate the processability of PET and PBT while
providing useful FR property to the final product, thus, resulting
in easy-to-process functional materials. Finally, it should be
noted that the systematic difference in rheological behavior of
PET/AF and PBT/AF melts over time could be ascribed to their
different experimental temperatures. PBT/AF is tested at 250 �C
whereas PET/AF at 290 �C. The thermo-oxidative crosslinking is
temperature-dependent and the lower testing temperature of
PBT/AF may not be enough to initiate the crosslinking reactions
and their propagation (kinetics must be fast) [50,52,53].
3.6. Small scale fire tests

Polyester films need to be flame retardant in certain applica-
tions such as electronics, transportation, construction and label
industries. We have thus preliminary evaluation of the FR per-
formance of the films via small scale fire tests. Table 4 summarizes
the fire results of the films. In the vertical fire test (BKZ-VB) the
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blank polyester (PBT and PET) both burned through completely
leaving no residue. Addition of FR additive reduced the burn
length for the films with all additives performing similarly in both
polyesters. However, the polyester/DOPO blends had lower after
flame times compared to Polyester/Aflammit PCO 960 blends
which may be due to gas flame inhibition of DOPO. In case of PET/
DP and PET/AD, the films stopped burning before the burner was
removed from the specimen clearly demonstrating their FR effi-
cacy. Flame retardant PBT films on an average burned longer
compared the PET films, which may be due to higher aliphatic
content compared to PET. In addition, the polyester films with FRs
exhibited no or small amount of drips compared to the blank
polyester films. Flammable drips are critical in causing bodily
injuries and propagation of fire.

The limiting oxygen index of polyesters/FR blend was signifi-
cantly higher than the blank polyesters. The flame retardant PET
films exhibited higher LOI values compared to the PBT samples.
In addition the PET/AM and PBT/AM films exhibited the highest
LOI value of 43% and 29.7% respectively. It is likely that AAM-
DOPO works primary in the gas phase. Flame retardants
Scheme 2. Proposed thermal decomposition pathw
working in the gas phase usually have greater influence on
increasing the LOI of the material. In addition, polyesters with
higher C:H ratio or higher aromatic content usually exhibit better
flame retardancy [55]. A LOI value more than 28% indicates self-
extinguishing behavior of the blends. Thus it is clear that small
addition of FR greatly improves the flame retardant behavior of
the polyesters studied in this work.

3.7. Thermal decomposition pathways and mode of action of FR
additives

To further understand the possible mode of action of the FR
additives in condensed phase we have carried out investigations
of char residue formed in TGA experiments. The elemental ana-
lysis(C, O, P) of chars obtained in the TGA experiments are
summarized in table S 3. It is noted here that about 50mg of
films were taken for TGA experiments (N2 environment) and the
residue at 800 �C was removed and homogenized before EDX
experiment. As expected no phosphorus (P) can be observed for
blank PBT and PET samples. However, for all FR containing films,
ays for FR additives based on DIP-MS analysis.
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different levels of P was observed in their respective chars. For
each polymer (PET or PBT) containing DOPO-PEPA, higher %P in
char was recorded followed by AAM-DOPO and Aflammit PCO
960. The presence of phosphorus in the char clearly indicates
certain level of condensed phase activity for the three FR addi-
tives. Slight improvement in char content for PET (Table 3) and
higher % P content in the char for DOPO-PEPA samples clearly
indicates higher condensed phase activity of DOPO-PEPA
compared to the other FR additives.

As there was only a limited char (Table 3) formed for the
polyester films, it is very likely that the FR additives investigated
in this research primarily work in the gas phase. Thus evolved gas
analysis using DIP-MS was performed to evaluate various volatile
phosphorus species formed during the thermal decomposition of
the films. Fig. S7 shows the total ion chromatogram (TIC) for
various PBT (A) and PET (B) formulations. Virgin PET and PBT
decompose in one step at temperatures above 400 �C. This is
verified by presence of a single peak after 400 �C in the TIC for
PBT and PET (Fig. S7 A and B). However, all FR polyester formu-
lations showed two stage decomposition, where an additional
peak at an earlier temperature (150e300 �C) was also observed.
For AAM-DOPO and Aflammit PCO 960/polyester formulations
this earlier peak was centered at around 270 �C whereas for
DOPO-PEPA/polyester formulations the peak is centered at
290 �C. Extracted ion chromatogram of all PBT and PET formu-
lations are further shown in Figs. S8 and S9 respectively. For
simplicity we have only analyzed the first stage (150e300 �C)
volatile decomposition products of the polyester formulations as
the ions at this stage only corresponds to the respective FR ad-
ditives. At later stage above 300 �C things become complicated
due to the formation vast numbers of decomposition products
from the polymer matrix. For DOPO-PEPA and AAM-DOPO
Fig. 5. Analysis of ROS overproduction in A549 and THP-1 cells in the presence of FR additi
macrophages. None of the flame retardants analyzed induced elevation of ROS levels at co
control. Values are normalized to untreated control samples and represent the mean and c
formulations species corresponding to m/z 47, 168 and 216 were
observed which represents PO�, dibenzofuran and DOPO
respectively. Earlier studies have also identified the same species
for DOPO derivatives [14,56]. In addition, for AAM-DOPO for-
mulations we observed species corresponding m/z 287 and was
identified as AAM-DOPO itself. In case of Aflammit PCO 960
formulations, species corresponding to m/z 47, 97 and 157 were
observed which represent PO, methyl phosphonic acid and a
pyrophosphate respectively. Similar species have also been
identified for Aflammit PCO 960 in another study [57]. Based on
these observations we have proposed the simplistic decomposi-
tion pathways for the FR additives in Scheme 2 and their possible
mode of action.

Thus DOPO-PEPA and AAM-DOPO decomposes to produce
DOPO radical in the gas phase. This pathway is supported by the
presence of species corresponding to m/z 168 (dibenzofuran) and
47 (PO�) in the extracted ion chromatograms. In addition the
PEPA unit of DOPO-PEPA could remain in the condensed phase to
produce phosphoric acids which can be responsible for
condensed phase activity. Increased char formation for PET/DP
formulations as observed in TGA corroborates this hypothesis.
Meanwhile, Aflammit PCO 960 decomposes to form methyl
phosphonic and acidic pyrophosphate (Scheme 2) in the gas
phase which ultimately produces PO� corresponding to m/z 47. It
is well known that PO� is the active species responsible for flame
inhibition [25,58].

3.8. Preliminary toxicity data of FR additives

In order to assure sustainable development, production and use
of new materials (i.e. FR additives) safety assessment of these new
materials is indispensable. As comprehensive toxicological
ves. (ROS formation was measured in (A) A549 cells as well as (B) differentiated THP-1
ncentrations up to 400 mM and 2 h of incubation. Sin-1 (50 mM) served as the positive
orresponding standard deviations of three independent experiments.).



Fig. 6. Analysis of cell viability in A549 and THP-1 cells in the presence of FR additives.
(Cell viability is not influenced by any of the flame retardants up to a concentration of
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evaluations in vivo (in animals) is very time consuming and costly
these can hardly be performed side-by-side with the lab-scale
development of new materials. Nevertheless first safety in-
dicators are urgently needed to choose from a set of promising
additives not only the most efficient one in terms of flame retard-
ancy and processabilty but also the presumably safest one for
production and application.

Therefore we made use of a well-established in vitro platform
for toxicity evaluation of the new additives that allows studying
potential adverse effects on cell viability in due time and
following the ideas ISO and OECD guidelines. This platform has
been successfully applied in a previous study as one of several
in vitro methods to determine FR induced acute cytotoxicity [18].
According to the so-called ROS paradigm the overproduction of
reactive oxygen species (ROS) by cultured cells is one of the first
indicators of cellular stress reactions. While efficient anti-oxidant
defense mechanisms can circumvent subsequent cell injury,
persistent ROS overload can seriously damage biomolecules (such
as lipids, nucleic acids and proteins), induce inflammation and
finally lead to cell death [59e65]. In a fast screening approach we
assessed the first stressor (overproduction of ROS) as well as the
last, most deleterious step of the cascade (cell death) in response
to FR additives in two model cell lines: the human lung epithelial
cell line A549 and macrophages derived from the monocytic cell
line THP-1 (Fig. 5).

FR concentrations up to 400 mM were applied to A549 lung
epithelial cells as well as THP-1 derived macrophages. These
resemble worst case but still realistic exposure concentrations [18]
and are comparable to available literature on flame retardant
toxicity studies in vitro [66,67] allowing for direct comparison of
the results. In this concentration range, none of the FRs induced the
elevation of ROS above background levels of untreated control
samples (Fig. 5) for both cell types. In contrast treatment with
50 mM of the positive control Sin-1 resulted in a 46- and 36-fold
increase in fluorescence signal intensity after 2 h of A549 and
THP-1 treatment respectively.

This particular assay is able to assess the first burst release of
ROS within the first minutes and hours of treatment. Even though
cells were not impaired by any of the FRs within this timeframe,
later effects on cell viability cannot be excluded so far. Therefore
potential adverse effects on cell viability were determined after 3,
24 and 48 h of treatment by measuring the reduction of the tetra-
zolium compoundMTS. Incubation of A549 as well as differentiated
THP-1 cells with increasing concentrations of the positive control
Cadmiumsulfate (CdSO4) resulted in dose-dependent cell death
(Fig. 6). In contrast none of the FRs had any influence on A549 and
THP-1 cell viability at concentrations up to 400 mMand up to 48 h of
incubation (Fig. 6 and Fig. S10 of the Supporting Information for 3
and 24 h reading points).

Taken together our results indicate no acute cytotoxic potential
for all FRs analyzed in two different cell types and under the
experimental conditions chosen. It should however be noted that
subtoxic effects such as inflammatory reactions could still have
been overlooked in this initial screening. Further in-depth analyses
are needed to fully elucidate potential health risks especially in
in vivo situations. Furthermore, ecotoxicological aspects as
described for a different DOPO derivative (DOPO-HQ [20]) are also
pending before commercializing new products. This however is
beyond the scope of the present study.
400 mM and 48 h of incubation. A549 cells as well as THP-1 macrophages were treated
for 48 h with the indicated increasing concentrations of flame retardants. Cell viability
was measured using the MTS assay. Values are normalized to untreated control
samples and represent the mean and corresponding standard deviations of three in-
dependent experiments.)



K.A. Salmeia et al. / Polymer Degradation and Stability 155 (2018) 22e34 33
4. Conclusions

In this work comprehensive strategies i.e. green synthesis
methodology, detailed material characterization and first toxicity
evaluation of the FR additives as a way to develop fire safe sus-
tainable polyesters were presented with an eventual goal for future
commercialization. Both DOPO-based additives (DOPO-PEPA and
AAM-DOPO) were synthesized using green chemistry principles
and compared with the commercial FR additive Aflammit PCO 960.
The DOPO derivatives could be processed with high temperature
polyesters like PET and PBT due to their high thermal stability.
Theoretical data obtained via atomistic simulations and experi-
mental data obtained via rheological measurements indicate that
DOPO-PEPA offers the most steady and sustainable melt processing
conditions with polyesters compared to the other two FR additives.
The polyester films containing all FR additives passed the vertical
fire tests and exhibited higher LOI values compared to the virgin
polyester films. TGA data and elemental analysis of char obtained
for FR formulations indicates possible limited condensed phase
activity of the FR additives. We could identify phosphorus based
volatile species in the evolved gas analysis performed using DIP-
MS. Such phosphorus species could be responsible for the gas
phase flame inhibition and thus improving the flame retardancy of
the polymer in this study. Based on the DIP-MS data we have also
proposed simplified decomposition pathways of the FR additives. In
case of DOPO derivatives DOPO radical was clearly observed as one
of the volatile species. Methyl phosphonic acid was observed as the
primary volatile spices in case of Aflammit PCO 960. All FR additives
were shown to be non-toxic in the in vitro assays and conditions
chosen. Thus in this study, detailed multi-dimensional analyses of
these relatively new FR molecules were provided with focus on the
green chemistry principles at the synthesis level, the thermo-
oxidative stability at the processing stage, fire and environmental
safety during the product consumption, and the prospect of sus-
tainability at the recycling stage.
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