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Abstract

The effects of covalently bound phosphorus (P-) and nitrogen (N-) bearing groups on the thermal and combustion attributes of
polystyrene have been investigated. The necessary chemical modifications were achieved through co- and ter-polymerisation
reactions, in a suitable solvent, under radical initiation conditions. The influence of P-N cooperative interactions on the
combustion properties of styrenic polymers was studied. The co-monomers of interest included: diethyl(acryloyloxymethyl)
phosphonate (DEAMP), diethyl-p-vinylbenzylphosphonate (DEpVBP), acrylic acid-2-[(diethoxyphosphoryl)methyl amino]
ethyl ester (ADEPMAE) and maleimide (MI). For the first time, the fer-polymers of styrene containing both P- groups,
DEAMP or DEpVBP, and N- groups, MI, were prepared via solution polymerisation. It was found that the thermal stabil-
ity and combustion characteristics of polystyrene were significantly altered by the presence of nominal amounts of P- and
N- containing groups, and, in certain cases, cooperative interactions of these groups were also evident. For instance, the
extents of char formation post-degradation of the prepared ter-polymers, as revealed by thermogravimetric investigations
in an inert atmosphere (nitrogen), were found to be enhanced by more than 20%, as compared to the unmodified polysty-
rene. The heat release rates and heat release capacities of the ter-polymers, as measured using the pyrolysis combustion
flow calorimetric (PCFC) technique, were reduced by almost 50% in comparison to the same parameters obtained for the
unmodified counterpart.

Keywords Styrenic polymer - Chemical modification - Thermal stability - Combustion characteristics - Phosphorus-
nitrogen cooperative effect - Polystyrene

Introduction

Polystyrene (PS) is a well-known thermoplastic polymer,
which is extensively used for various applications, especially
as an insulation material in the building sector [1]. How-
ever, PS owing to its relatively high flammability, has an
increased propensity for ignition that often leads to a rapid
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and uncontrolled fire spread. Furthermore, styrenic polymers
generally undergo combustion processes that are associated
with the generation of significant amounts of smoke and
nearly zero amounts of char [2]. Therefore, a wide range
of fire retardants (FRs) have been developed to improve
the fire resistance of PS-based products. Among them, the
halogenated FRs dominated the polymer industry in the past
due to their high effectiveness and low production costs.
However, recently, the application of this class of FRs has
been restricted, or partially phased out, in many countries
due to their toxicity and bioaccumulation issues, which, in
turn, has led to the rapid development of non-halogenated
FR formulations [3].

Among the halogen-free FR options, phosphorus (P-)-
based compounds are found to be relatively less toxic yet
effective [4]. Several studies carried out in recent years have
been focused on P- containing compounds acting as FRs
for styrenic polymers, including red phosphorus, phosphine
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oxides, inorganic and organic phosphates, or blends of
P- containing compounds with other FRs [5]. However,
relatively high loadings (20-40 mass%) of additive FRs
are normally required to achieve acceptable levels of fire
retardance. In most instances, this could result in detrimental
changes of physical and mechanical properties of the par-
ent polymeric matrix. Thus, as an alternative (i.e. reactive
FRs), certain P- containing compounds can be used for the
chemical modification of PS via a radical polymerisation
technique [5]. Among the various P- containing reactive FRs
for PS, unsaturated organophosphorus compounds are con-
sidered to be the preferred options, as they can be chemically
bonded to the polymeric chains through the chain-growth
processes [6]. In recent years, different P- containing FRs
have been incorporated into the main chain of PS. These
materials displayed a significant increase of the limiting
oxygen index (LOI) along with the increase of residual char
yields, in comparison to the same parameters for the homo-
polymer, PS [6-12]. With a view to obtaining better levels of
fire retardance, the feasibility of using formulations, which
combine P- containing FRs with other heteroatom-bearing
compounds has been explored. In the case of PS, among
the various systems explored so far, the reactive FRs with
P- and N- containing moieties were found to be effective
[9, 13-16]. However, there has been no reports that sys-
tematically studied the effects of different chemical environ-
ments within P- and N- groups on the thermal stability and
combustion characteristics of styrenic polymers. Moreover,
ter-polymerisation reactions of styrene (S) with P- and N-
bearing monomers have not been attempted at all in the past,
and hence warrant further useful investigations.

In the present study, three unsaturated com-
pounds containing P atom in different chemical envi-
ronments have been synthesised. These include
diethyl(acryloyloxymethyl)phosphonate (DEAMP), die-
thyl-p-vinylbenzylphosphonate (DEpVBP) and acrylic
acid-2-[(diethoxyphosphoryl)methyl amino]ethyl ester
(ADEPMAE). The impacts of these monomeric units on
the thermal/combustion behaviours of polyacrylonitrile
(PAN) and polymethyl methacrylate (PMMA) have been
previously reported [17]. In this work, the base polymer,
PS, was chemically modified through a solution polymeri-
sation route. For comparing the effects of N-containing

/\T/,O
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Diethyl-p-vinylbenzylphosphonate
(DERVBP)-II

Diethyl(acryloyloxymethyl)
phosphonate
(DEAMP)-1

Fig. 1 Structures of P-, P-/N- and N- containing monomers
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groups on the combustion behaviour of PS, different
N-containing compounds such as maleimide (MI), acryla-
mide (AM) and dimethyl acrylamide (DMA) were used
as the monomers for the preparation of styrene-based co-
polymers (S). The above-mentioned P- monomers and the
N-containing unsaturated compound, MI, were selected
from the initial screening tests for combustion character-
istics of the corresponding co-polymers. Furthermore, for
the first time, DEAMP, DEpVBP and MI were used in the
preparation of styrene-based fer-polymers such as poly(S-
ter-DEAMP-ter-MI) and poly(S-ter-DEpVBP-ter-MI). A
comparison of cooperative effects has been attempted in
the case when P- and N- atoms are present within the same
pendent group (as in the co-polymer, poly(S-co-ADEP-
MAE), or when these atoms are in different modifying
groups (as in the ter-polymers, poly(S-ter-DEAMP-ter-
MI) and poly(S-ter-DEpVBP-ter-MI). The thermal sta-
bilities and combustion characteristics of homo-, co- and
ter- polymers were determined using different techniques,
such as: Thermogravimetric Analysis (TGA), Differential
Scanning Calorimetry (DSC), Pyrolysis Combustion Flow
Calorimetry (PCFC) and ‘Bomb’ Calorimetry.

Experimental
Materials

The used P- and N- containing monomers include:
diethyl(acryloyloxymethyl)phosphonate (DEAMP)
(I), diethyl-p-vinylbenzylphosphonate (DEpVBP) (II),
acrylic acid-2-[(diethoxyphosphoryl)methyl amino]ethyl
ester (ADEPMAE) (III) and maleimide (MI) (IV). The
structures of the monomers are shown in Fig. 1. The syn-
thetic procedures for the P- containing monomers (I-11I)
were reported elsewhere [12, 18, 19]. All chemicals and
reagents were obtained from Merck Company (UK). The
solid compounds were used as received, whereas liquid
reagents and organic solvents were dried over molecular
sieves (4 10%). Styrene containing 10-15 ppm of 4-ter-butyl-
catechol (inhibitor) was purified by passing it through a
proprietary inhibitor removal column.

o0 OH AN

AT N2

CHO™ N 0”0
CH, © H

Acrylic acid-2-[(diethoxyphosphoryl) Maleimide (MI)-IV
methylamino]ethyl ester
(ADEPMAE)-III
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Preparation of styrene-based polymers

Homo-, co-, and ter- polymers of styrene were prepared
by radical solution polymerisation using toluene or N,
N-dimethylformamide (DMF) as solvents, depending on
the solubilities of the monomers. In all the cases, azobi-
sisobutyronitrile (AIBN) was used as an initiator, with a
concentration of ca. 2 g L™!. The synthetic procedure for
the preparation of PS, co- and ter- polymers was as follows:

An accurately measured mass of styrene (S) (or a mixture
of styrene with the monomers (I-IV) as shown in Table 1)
was placed in a three-necked round-bottomed flask, fitted
with a magnetic stirrer, a water condenser, and a bubbler.
The monomers were added dropwise to the solvent, which
has been previously flushed with argon at room tempera-
ture for at least 30 min. The reaction mixture was stirred
for ca. 30 min with argon bubbling through it at room tem-
perature, and then slowly heated to 60+0.2 °C. Once this
temperature was reached, AIBN dissolved in the solvent was
added dropwise to the reaction mixture. The polymerisation
was allowed to proceed for 16 h under a blanket of argon.
After the required reaction time, the resulting polymers
were recovered by precipitation in a five-fold excess of a
non-solvent (methanol). Subsequently, the precipitated poly-
meric materials (white powders) were collected by filtration
at reduced pressure and washed with methanol several times
to remove any unreacted monomers. The polymers, after
the initial drying in a vacuum oven, were purified by pre-
cipitation from their solutions (in dichloromethane (DCM),
or DMF) into the non-solvent. After filtration, the obtained
products were dried in a vacuum oven at 50+ 1 °C for 16 h
before further examinations.

Characterisation techniques

Fourier Transform Infrared (FT-IR) spectroscopy of the
polymers in the finely powdered forms was carried out
in the Attenuated Total Reflectance (ATR) mode using a
Thermo Nicolet, Nexus spectrometer (Nicolet, USA). The

spectra were run (64 scans) over a wavenumber range of
4000-400 cm™~! and with a resolution of 4 cm™".

"H NMR of polymers were recorded in deuterated sol-
vents (chloroform (CDCl;), or DMF) using a Bruker spec-
trometer (Bruker, Coventry, UK), operating at 600 MHz for
protons. The 'H NMR spectra of each polymer were used to
calculate the degree of incorporation of P- and N- contain-
ing monomeric units, and subsequently the P and N loadings
(mass %) [17].

Thermogravimetric analysis (TGA) was performed using
a PerkinElmer, Pyris 1 TGA (Beaconsfield, UK) instrument
according to BS EN ISO 11358-1: 2014. The TGA runs were
carried out on ca. 8 mg sample of a monomer or a polymer,
at a heating rate of 10 °C min~! under both nitrogen and air
atmospheres, and in the temperature interval between 30
and 800 °C. The TGA tests of polymer samples were also
carried out at 60 °C min~! under nitrogen between 30 and
800 °C for comparing the results with those obtained from
PCFC (heating rate of 60 °C min™'). All samples were tested
in duplicates to ensure the repeatability.

Differential Scanning Calorimetry (DSC) was carried
out using a Mettler Toledo DSC1/700 instrument (Leices-
ter, UK). Each sample in a powdered form (ca. 8 mg) was
placed in a standard aluminium DSC crucible with a hole
in the lid, and heated from 30 to 500 °C, under nitrogen
atmosphere, at a heating rate of 10 °C min~! and at a flow
rate of 50 mL min~!,

Bomb calorimetric runs were performed using a Parr
6200 calorimeter to determine the heat of combustion in
accordance with BS EN ISO 18125:2017. The measure-
ments were conducted on samples, in the form of a pellet,
weighing ca. 0.5 g. The ‘bomb’ was filled with oxygen up to
a pressure of 31 bars and ignited. For each sample, triplicate
runs were done for better accuracy and the average values
were presented.

Pyrolysis Combustion Flow Calorimetric (PCFC) meas-
urements were taken using a Fire Testing Technology Ltd.
(Gosport, UK) micro-scale combustion calorimeter accord-
ing to ASTM D7309. For each run, an accurately weighed
sample was firstly heated to about 900 °C at a heating rate of

Table 1 Preparative data of Slg M, Vg [M,)/g S/[M,/[M,] ratio in  Solvent/cm’ Yield/g

PS and styrene-based co- and feed/mol%

ter- polymers via solution

polymerisation 10.90 - - 100/0.00/0.00 Toluene: 40 3.98
9.37 DEAMP: 2.22 - 90.0/10.0/0.00 Toluene: 30 4.69
9.37 DEpVBP: 2.54 - 90.0/10.0/0.00 Toluene: 30 2.06
9.37 ADEPMAE: 2.65 - 90.0/10.0/0.00 Toluene: 30 2.48
9.37 - MI: 0.970 90.0/10.0/0.00 DMF: 30 3.75
8.32 DEAMP: 2.22 MI: 0.970 80.0/10.0/10.0 DMF: 30 4.90
8.32 DEpVBP: 2.54 ML: 0.970 80.0/10.0/10.0 DMF: 30 3.84

[M,]: P- or P-/N-monomer (i.e., DEAMP, DEpVBP or ADEPMAE), [M,]: N-monomer (i.e., MI)
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ca. 60 °C min™", in a stream of nitrogen. The thermal degra-
dation products were collected and then mixed with a stream
of air prior to entering a combustion chamber maintained at
900 °C. All the tests were run in triplicates, and the average
values were calculated.

Results and discussion

The homo-polymer and corresponding chemically modified
polymers of styrene were prepared through solution poly-
merisation technique under radical initiation. The synthetic
scheme pertaining to the chemical routes to the modification
of PS is given in Fig. 2. The styrene-based polymers (i.e.,
homo-, co- and ter- polymers) were obtained in the form of
fine white powders. The combined effects of P and N FRs in
the modified styrenic polymers were examined, with P and N
atoms within the same group (as in poly(S-co-ADEPMAE)
and within different groups (as in poly(S-ter-DEAMP-zer-
MI) and poly(S-ter-DEpVBP-ter-MI).

Structural characterisation of polymers

The chemical structures of the prepared polymers were con-
firmed by '"H NMR and FT-IR (ATR) spectroscopic tech-
niques. From the 'H NMR spectra of the modified polymers,
the degree of P and N incorporation and the molar con-
centration of monomeric units M; and M, were determined
(Table 2).

HC—cH,

0,
+ YH,C—CH—R  AIBN.60°C

HC—cH,

Table 2 Characteristics of the modified styrenic polymers

Polymer sample [SI/[M,]/[M,] ratio P content N content
in polymer/mol%  mass% mass%
PS 100/0.00/0.00 - -
Poly(S-co-DEAMP) 88.3/11.7/0.00 3.07 -
Poly(S-co-DEpVBP) 93.1/6.90/0.00 1.87 -
Poly(S-co-ADEPMAE)  90.1/9.90/0.00 2.55 1.15
Poly(S-co-MI) 72.8/0.00/27.2 - 3.72
Poly(S-ter-DEAMP- 63.7/11.0/25.3 2.95 3.07
ter-MI)
Poly(S-ter-DEpVBP- 65.6/5.70/28.7 1.59 3.63
ter-MI)

[M,]: P- or P-/N- monomer (i.e., DEAMP, DEpVBP or ADEPMAE),
[M,]: N- monomer (i.e., MI)

The 'H NMR spectra of PS and modified polymers
are provided as supplementary information (SI. 1). From
the 'H NMR spectra the following characteristic peaks
were identified at a chemical shift (§)=6.6 and 7.1 ppm,
aromatic protons from styrene segments; methyl pro-
tons (O-CH,-CH;) from diethylphosphonate groups
at 6=1.1-1.2 ppm; methylene protons (O—-CH,-CHj;)
from ethyl groups of different monomers at 6 =3.9 ppm;
benzylic proton (Ph—-CH,-P) from DEpVBP fragment
at §=3.1 ppm. The common signals of small intensity
observed at 2.3 ppm and 7.26 ppm originate from the
traces of the solvent toluene.

~-H,C—CH-{CH,-CH+
x | Y

Scheme a

Jch—Hc)z-szc—CH-HCHZ—CH-y

J— _ AIBN, 60 °C y
x + YHC——CH—R + ZA 2 O)\N/g x ||a
° H ° H ° Scheme b
(o]
OC,H; I] ,OC2Hs
R —C—O—CH,—P or or —C—0—CH,—CH,—N—P__
I 2 ™ocH I | 0C,Hs
o o 2% o CH,
(DEAMP) - Scheme a & b P<OCZH5 (ADEPMAE) - Scheme a
||~ OCzHs

(DEpVBP) - Scheme a & b

Fig.2 Schematic representation of chain-growth polymerisations of styrene: formation of co-polymers (Scheme a) and fer-polymers (Scheme b)
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The FT-IR (ATR) spectra of PS and corresponding co-
and ter- polymers also confirmed the introduction of the
monomers into the PS main chain (SI. 2). In addition to the
characteristic peaks in the region from 3100 to 2850 cm™!,
in the spectrum of PS (dotted areas), the spectra of co- and
ter- polymers showed additional specific absorption peaks
at 1730-1741 cm™! (-C=0), 12501260 cm™" (-P=0) and
1025 cm™! (-P-O-C), confirming the presence of chemi-
cally bonded DEAMP, ADEPMAE, DEpVBP and MI
groups in the polymer chains [9, 20, 21]. Moreover, the
FT-IR spectra of ter-polymers showed the absorptions at
1340 cm™! (C-N), indicating that the N-containing units are
effectively incorporated into the polymeric chains.

Thermogravimetric analysis

The thermogravimetric analysis of P-, P-/N- and N-mono-
mers was carried out under nitrogen and air atmospheres to
evaluate the structural influence of the monomers on thermal
behaviours of corresponding polymers. The comparison of
TG traces of the monomers obtained under both atmospheres
(Fig. 3) revealed that the P- containing monomer, DEpVBP,
exhibited a different degradation pattern and had better char-
forming ability than other monomers. The high residue con-
tent of DEpVBP may be a result of oligo- or poly-aromatic
structures formation in the end of thermal decomposition
process. Meanwhile, the aliphatic monomer (DEAMP) and
the P-N monomer (ADEPMAE) were less thermally resist-
ant. The lower thermal stability of N- containing monomer,
MI, showed that nitrogen group alone cannot significantly
alter thermal behaviours of polymeric chains.

The thermal degradation of polymers was studied by TGA
under both nitrogen and air atmospheres. Figure 4 presents
the TGA and derivative thermogravimetric (DTG) curves

(@)
—— DEAMP
100 — DEpVBP
—— ADEPMAE
— MI
80 -
& 60
)]
)
]
s
40 -
20 4
0

T T T T T T T
100 200 300 400 500 600 700
Temperature/°C

of PS and styrenic polymers modified with corresponding
FR groups under the nitrogen atmosphere. The summary of
TGA data is given in Table 3.

In the inert atmosphere, PS undergoes a significant one-
step degradation in the temperature range of 399-500 °C,
which can be thought to arise from an initial phase of chain
scissions (i.e., random, or chain-end, scissions), followed
by the formation of styrene monomer, oligomers and some
volatiles (Fig. 4 and Table 3) [22, 23]. However, the thermal
degradation pattern of PS was substantially altered after the
incorporation of either one type of FR group (i.e., in co-
polymers), or two different types of FR groups (i.e., in ter-
polymers). Most importantly, the co-polymers with DEAMP,
DEpVBP and ADEPMAE monomeric units, exhibited two-
step thermal degradation profiles, whereas the co-polymer
with MI groups had only one step, which was quite similar
to the one recorded for the unmodified PS (Fig. 4a). Indeed,
the temperature corresponding to the initial mass loss in all
co-polymers was lowered compared to the unmodified PS.
This could be attributed to an early thermal cracking of the
P- and N-containing groups, prior to the onset of the main
chain decomposition of PS [6, 24]. The first degradation
step, associated with 5.9-6.6% mass loss, for P- and P-/N-
containing co-polymers was observed in the temperature
range of 310-360 °C (Fig. 4a). This small step, registered
before the main degradation step of PS, may be attributed to
the release of ethylene molecules from the alkyl phospho-
nate moiety via cyclic-intermediate assisted reaction as pre-
viously reported [6, 11]. It can be noted from Fig. 4 that the
mass loss rate of co-polymers was lower than that of PS. The
decrease in the mass loss rate indicates that the covalently
bonded monomeric units slow down, or alter, the pyrolytic
route(s) of PS. As for the char yields, PS produced very little
residue at 800 °C under nitrogen, whereas the degradation of

Mass/%

T T T T T T T
100 200 300 400 500 600 700
Temperature/°C

Fig.3 TGA curves obtained at a heating rate of 10 °C min~! for P-, P-/N- and N- monomers under nitrogen (a) and air (b) atmospheres
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Fig.4 TGA and DTG curves obtained at a heating rate of 10 °C min™' for PS and styrenic co-polymers (a, b) and fer-polymers (c, d) under

nitrogen atmosphere

gz‘:;efgr gshzrnfga; ngi%ézia“"n Sample Tt/ °C Tynecrl°C T,/ °C Residue/%

polymers under nitrogen and air N, Air N, Air N, Air N, Air

atmospheres
PS - 399 332 450 413 0.50  0.40
Poly(S-co-DEAMP) 325 313 360 347 413 404 6.00 4.30
Poly(S-co-DEpVBP) 339 - 394 312 481 440 3.80 1.30
Poly(S-co-ADEPMAE) 309 306 384 354 439 430 2.00 1.60
Poly(S-co-MI) - - 404 347 451 438 2.10  2.00
Poly(S-ter-DEAMP-ter-MI) 147 140 364 333 410 394 222 3.60
Poly(S-ter-DEpVBP-ter-MI) 147 168 379 355 413 398 21.5 1.20

T,

onset-1+
temperature of polymers, T, :

800 °C
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co-polymers containing DEAMP, DEpVBP, ADEPMAE and
MI units, resulted in the increased char residues (by about
2-6%) (Fig. 4 and Table 3). The char formation is an impor-
tant factor that positively influences the thermal stability of
polymers, through the condensed-phase mechanism. Gener-
ally, the produced char acts as a physical barrier, which can
prevent both the heating of the unpyrolysed material and
the associated release of combustible gases, thereby increas-
ing the fire resistance of polymers [15]. Clearly, the reac-
tive modification of PS with P- or P-/N- and N-groups can
enhance the thermal behaviour of PS, especially, at elevated
temperatures in an inert atmosphere [17].

The TGA results of styrenic co-polymers clearly demon-
strated that the DEAMP, DEPVBP and MI units, once chemi-
cally incorporated into the polymeric chains of PS, altered
its thermal degradation and char formation capabilities.
Therefore, these monomeric units were selected for the fur-
ther study, i.e., for the preparation of fer-polymers of styrene
with a view to assessing the P-N cooperative effects, if any,
exerted by these groups. Similar to the P- and P-/N- contain-
ing co-polymers, the thermal degradation of fer-polymers
(poly(S-ter-DEAMP-ter-MI) and poly(S-ter-DEpVBP-ter-
MI)) also exhibited a two-step degradation process (Fig. 4c,
d). However, the degradation profile was somewhat different
compared to that of co-polymers. For instance, in the case
of poly(S-ter-DEAMP-ter-MI) the first mass loss started to
occur at a temperature 178 °C lower than that of the corre-
sponding co-polymer, poly(S-co-DEAMP). Meanwhile, for
poly(S-ter-DEpVBP-ter-MI) the loss of mass commenced
at a temperature 192 °C lower than that of the co-polymer,
poly(S-co-DEpVBP). The earlier start of thermal degrada-
tion of ter-polymers could be explained by the initial break-
down of pendant P-groups as discussed earlier, which pos-
sibly could be influenced by the incorporated MI groups.

Another important finding is related to the char forma-
tion in the ter-polymers. It was observed that the char resi-
due, obtained at 800 °C in nitrogen, increased by 44 times,
from 0.5% for homo-polymer PS to 22.2% for poly(S-ter-
DEAMP-ter-MI) and to 21.6% for poly(S-ter-DEpVBP-
ter-MI) (Table 3, Fig. 4c). This significant increase in
the amount of char generated by ter-polymers indicated a
noticeable enhancement in the overall thermal stability of
styrene-based polymers. It can be assumed that this behav-
iour is affected through cooperative interactions between the
P- and N- containing units. It is also likely that the thermal
decomposition of ter-polymers resulted in the formation
of P-N intermediates, which promoted charring reactions,
and reduced the overall rate of decomposition reactions,
as revealed by the TGA and DTG curves (Fig. 4c, d) [25].
It is also interesting to note that P-N cooperative interac-
tions appeared to be limited, if P and N atoms are contained
within the same modifying group (ADEPMAE); i.e., a mod-
est increase in charring (2%) was registered. Hence, it can

be assumed that certain ‘neighbouring’ group participation
was possible, when P and N atoms were in different pendent
groups. In any case, the presence of phosphonate ester moie-
ties are believed to promote the phosphorylation of phenyl
groups through the in situ production of phosphoric acid
[25]. This process may improve the retention of phosphorus
in the condensed-phase, and hence promote char formation
and its further stabilization [26].

The TGA and DTG curves of styrene-based polymers
under the air atmosphere are presented in Fig. 5. The evalu-
ated thermal parameters are detailed in Table 3. The TG data
obtained in the air showed that the loss of mass in all the
polymers started at temperatures 20—80 °C lower than those
recorded under the inert atmosphere, (Fig. 5 and Table 3).
This is expected as, generally, the presence of oxygen initi-
ated an earlier thermal-oxidative degradation of polymers
[11]. Nevertheless, under the air atmosphere, at 800 °C,
the char forming ability of fer-polymers increased, from
0.4% for PS to 3.6% for poly(S-ter-DEAMP-ter-MI) and
to 1.2% for poly(S-ter-DEpVBP-ter-MI). In the oxidative
atmosphere, for the co- and ter-polymers, a third decom-
position step was registered at the temperatures above 550
°C (Fig. 5), due to the secondary oxidation processes. The
residues formed in the oxidative atmosphere at 500 °C by
poly(S-co-DEAMP), poly(S-co-DEpVBP) and ter-polymers
were 10-15% higher than those obtained in the inert atmos-
phere. Meanwhile, for the co-polymers, poly(S-co-MI) and
poly(S-co-ADEPMAE), the mass residues at 500 °C were
6.9% and 9.2%, respectively. The solid residues underwent
further oxidation as temperature increased up to 800 °C.
For example, the ter-polymer, poly(S-ter-DEAMP-ter-MI)
retained almost 44% of its initial mass at 500 °C, which then
reduced rather rapidly to 3.6% at 800 °C. The char oxidation
was also clearly visible from the DTG curves (Fig. 5d) in
the 500-800 °C temperature interval, with 7,,,, =594 °C for
poly(S-ter-DEAMP-ter-MI) and T,,,, =600 °C for poly(S-
ter-DEpVBP-ter-MI). In the oxidative atmosphere, the
cooperative interactions between P- and N- bearing groups
were evident from the thermal degradation behaviours of
the co- and ter- polymers (poly(S-co-ADEPMAE), poly(S-
ter-DEAMP-ter-MI) and poly(S-ter-DEpVBP-ter-MI)).
The more pronounced effects were observed when poly-
mer chains incorporated different P- and N- bearing moie-
ties. Thus, it can be stated that the fer-polymers of styrene
exhibited better overall thermal stability than homo- and co-
polymers, in the oxidative atmosphere, showing excellent
char-forming abilities, until the temperature of about 600 °C.

Differential scanning calorimetry
The DSC plots obtained for the co- and fer- polymers under

the nitrogen atmosphere are presented in the supplementary
part SI. 3. The neat PS underwent a single stage endothermic
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Fig.5 TGA and DTG curves obtained at 10 °C min~" for PS and styrenic co-polymers (a, b) and fer-polymers (c, d) under air atmosphere

decomposition in the temperature range of 300—452 °C [27].
Meantime, the co-polymers poly(S-co-DEAMP) and poly(S-
co-DEpVBP), as opposed to the unmodified PS, demon-
strated an additional endothermic peak in the temperature
range of 280-330 °C, with the endotherm being larger for
the co-polymer containing DEAMP units. The initial endo-
therm correlates well with the degradation step registered on
the corresponding TG curve. Meanwhile, an exotherm was
observed at 264—-300 °C on the DSC curves of poly(S-co-
ADEPMAE). This could be associated with the release
(and possible interaction) of ethylene from the ethyl groups
of the ‘side arms’ of the phosphonate groups. The larger
endotherm, in the temperature interval from 350 to 470 °C
for all the co-polymers, can be attributed to the main chain
decomposition step, also shown on the TG curves recorded
under the nitrogen atmosphere [11]. It can also be observed
that reactively modified polymers exhibited the lower heat
of pyrolysis (AH,,,,) than that of the unmodified PS (AH,,

yro yro
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of PS and modified styrenic polymers are provided in SI.
4). Among the co-polymers, the lowest value of AH,,, was
observed for poly(S-co-DEAMP), 393 J/g, nearly a half of
the value found for PS. Furthermore, the AH,,, value of
ter-polymers decreased dramatically from 717 J/g for PS
to 191 J/g, and 217 J/g for poly(S-ter-DEAMP-ter-MI) and
poly(S-ter-DEpVBP-ter-MI), respectively. The decrease in
AH,,, may be influenced by several factors, such as the
difference in the energy requirements for the bond cleavage
of the polymeric chains and thermal energy requirements
for the initial cracking of pendant P- and N- groups. In the
modified styrenic polymers, an earlier thermal cracking and
enhanced char production, especially, after the degrada-
tion of the main chain, possibly resulted in the reduced pro-
duction of volatiles, leading to an overall decrease in values
of heat of pyrolysis. The fragments that bear P and/or N
atoms, which are assumed to be produced during the ear-

lier stages of the decomposition of the modified polymeric
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systems, are believed to exert combustion inhibition in the
gaseous phase.

Combustion properties of polymers

The combustion properties of PS and styrene-based co- and
ter- polymers were studied using PCFC, and the detailed
data of measured parameters are given in Table 4. Among
various combustion parameters, the HRC serves as a reliable
indicator of a polymer’s flammability [17, 28]. The curves
of HRR as functions of temperature are shown in Fig. 6 for
all polymers. Evidently, the incorporation of P- monomeric
units into the PS chain resulted in a decrease of pHRR. As
shown in Table 4, the pHRR of the neat PS was 752 W/g;
it was reduced by almost 14% for the poly(S- co-DEAMP).
In contrast, the pHRR of poly(S-co-MI) was increased to
790 W/g. The results demonstrated that the incorporation
of N- groups alone into the polymeric chains cannot signifi-
cantly alter the combustibility of PS, which is in agreement

Table 4 PCFC data and AH_,,, of PS and modified styrenic polymers

with the results obtained from TGA and DSC. However, the
presence of nitrogen could improve the efficiency of P- con-
taining FRs via P-N cooperative effect [25]. For instance,
among the co-polymers, poly(S-co-ADEPMAE) had the
lowest HRR value compared to the unmodified PS. The
modification of PS chains with ADEPMAE units reduced
the HRR by almost 22%. A similar trend was observed for
the measured HRC values of poly(S-co-ADEPMAE). This
reduction in the pHRR and HRC registered in P- containing
co-polymers can be attributed to the release of non-flamma-
ble gases such as CO,, H,O, phosphorus compounds, etc.
which could dilute the mixture of flammable pyrolysis prod-
ucts generated by thermal decomposition of PS [16]. Indeed,
the small HRR peak at 306-370 °C, observed in Fig. 6 for
the co-polymers with DEAMP, DEpVBP and ADEPMAE
units, correlated well with the small shoulder visible on the
DTG curves of the corresponding co-polymers (Fig. 4b).
Furthermore, the fer-polymers with P- and N- groups
exhibited almost a 50% reduction in pHRR (55% for

Sample HRC/J/g'K  pHRR/W/g THR/kJ/g  Tempto pHRR/°C EHC/kJ/g  Charresidue/%  AH,,,/kl/g
PS 753 752 36.4 435 36.4 0.00 40.4
Poly(S-co-DEAMP) 648 648 325 399 33.6 3.20 354
Poly(S-co-DEpVBP) 725 724 37.1 465 38.7 4.00 39.3
Poly(S-co-ADEPMAE) 589 589 35.8 418 35.8 0.00 38.0
Poly(S-co-MI) 793 790 339 439 339 0.00 34.1
Poly(S-ter-DEAMP-ter-MI) 341 339 21.7 393 25.8 15.9 31.3
Poly(S-ter-DEpVBP-ter-MI) 397 395 24.0 399 29.8 19.5 325
Average Standard Error +11.4 +11.0 +0.40 +0.70 +0.40 +0.50 +0.30

HRC: Heat Release Capacity, pHRR: Peak Heat Release Rate, THR: Total Heat Release, EHC: Effective Heat of Combustion, *AH,,: Heat of

Combustion from ‘bomb’ calorimetry

(a)
|—PS
800 Poly(S-co-DEAMP)
Poly(S-co-DEpVBP)
Poly(S-co-ADEPMAE)
Poly(S-co-Ml)
600
T
o
400 -
I
200 A
0 T T T
100 200 300 400 500 600
Temperature/°C

(b)
800 {—PS
Poly(S-ter-DEAMP-ter-MI)
Poly(S-ter-DEpVBP-ter-MI)
600 -
o
o
o 400 A
I
200 A
0 _.: T - ;
100 200 300 400 500 600

Temperature/°C

Fig.6 Temperature versus HRR curves of PS and styrenic polymers with P-, P-/N- and N- containing monomers
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poly(S-ter-DEAMP-ter-MI) and 47% for poly(S-ter-
DEpVBP-ter-MI)) compared to that of PS. The HRC values
of both ter-polymers were also reduced in a similar pat-
tern. This significant reduction of pHRR and HRC values
is highly relevant in the case of polymers such as PS, espe-
cially in dictating their inherent fire hazards. Along with
the number of non-flammable gases mentioned earlier, the
presence of both P- and N-groups in the polymeric chains of
ter-polymers may trigger the release of other products such
as ammonia (NH;) or nitrogen (N,), which can further dilute
the flammable mixture of volatiles [14]. The total amount of
heat released, THR, can be used to assess the size of a fire
and its ensuing fire hazards. The reactive modification of PS
with P- and both P-/N-groups also resulted in the decrease
of THR values. The lower values of pHRR and THR can be
explained by the higher char formation (via P-N coopera-
tive effects) during the thermal degradation of the modified
polymers, which consequently reduced the generation of
combustible fuels, and restrained the flame spread [13, 16].
Thus, the findings agree that the higher the char residues
produced by ter-polymers, the lower the measured values of
pHRR, HRC and THR (Table 4).

Another important parameter is the value of EHC, which
depends on the heat of combustion of the volatile species
generated from the degradation materials [15, 29]. Com-
pared to the PS, the EHC values for the co-polymers with
DEAMP, ADEPMAE and MI units were slightly reduced,
whereas for the poly(S-co-DEpVBP) the EHC was increased
(Table 4). The lower EHC may be associated with the gas-
eous-phase fire retarding effect of P-containing FRs during
combustion [15]. For the fer-polymers, the EHC values were
reduced by 29% for poly(S-ter-DEAMP-ter-MI) and 18%
for poly(S-ter-DEpVBP-ter-MI), which indicated that the
combustion inhibitory efficiency of P-FRs was enhanced
by the presence of N-containing groups. The PCFC results
revealed that reactive modification of PS with P- and N-moi-
eties exerts combustion inhibition and enhances thermal
behaviour of the polymer by improving the char formation
(condensed-phase mechanism) and also through the gase-
ous-phase mode of action.

The heat of combustion (AH.,,;,) values of the modified
and unmodified PS are presented in Table 4. The AH .,
of all the modified polymers, as compared to the neat PS,
was reduced due to the combustion inhibitory effects of the
incorporated groups. Among the co-polymers, the AH_
was decreased by 16% for poly(S-co-MI), by 12% for
poly(S-co-DEAMP) and by 6% for poly(S-co-ADEPMAE).
However, for the co-polymer with DEpVBP groups the
influence on AH_, value was found to be negligible. The
observed reduction in AH_ ., values of the co-polymers may
indicate that the incorporated monomeric units produced
volatiles upon decomposition, which, in turn, exerted some
degree of combustion inhibition. It can be assumed that the
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co-polymer with N- monomeric unit (poly(S-co-MI)) had a
greater gaseous-phase inhibitory effect compared to other
modified co-polymers.

The ter-polymerisation of styrene with different P- and
N-monomers resulted in much lower values of AH,,,, than
that of the co-polymers. For the poly(S-ter-DEAMP-ter-
MI), the AH,,,, value was reduced by 23%, while for the
poly(S-ter-DEpVBP-ter-MI) by almost 20%. The reduc-
tion in AH,,;, of ter-polymers can be attributed to the
cooperative action of nitrogen within MI monomeric units
and phosphorus within DEAMP and DEpVBP units. It is
highly relevant to note that P-N cooperative influence was
more noticeable in the polymers when P and N atoms were
positioned within different modifying units than that in the
polymer containing P and N within the same group (i.e., in
ADEPMAE). This finding is in agreement with the TGA
and PCFC results discussed earlier, indicating some sort of
‘neighbouring’ group effect.

A comparison of the P-N cooperative influence

The results presented in previous sections clearly indi-
cated that there is an interaction (physical and/or chemical)
between the PS matrix and the modifying FR groups. It is
known that many N-containing compounds, despite hav-
ing limited fire retardance themselves, can improve the fire
retarding efficiency of P-containing FRs via P-N coopera-
tive effects [26]. From the thermal and calorimetric testing
results detailed in the current study, it is obvious that com-
bustion inhibition of PS has been significantly increased by
the incorporation of P- and N-containing groups, possibly
by exerting some cooperative effects. However, it is highly
desirable to evaluate the degree of fire retardance enhance-
ment, and the dependence of a P-N influence on different
chemical environments of P and N atoms. This was done
by the authors by making some generalisations of relevant
parameters obtained from TGA (at 60 °C min~!, under the
nitrogen atmosphere, TG curves are provided in the sup-
plementary section SI. 5), PCFC, and ‘bomb’ calorimetry.
It is also relevant to note that the loadings (mass %) of P or
N in the modified systems were comparable (P ~3-5%, and
N~3-4%).

The plots of char residue formed in TGA (60 °C min~h)
and PCFC tests, are presented in Fig. 7a for PS and modified
styrenic polymers. It can be noted that the neat PS yielded a
near zero char residue in both tests. However, the char resi-
due was increased following the modification of PS with dif-
ferent P- and N-groups, indicating the effect of P-N coopera-
tive actions. The polymer containing group with P-N bonds
(in poly(S-co-ADEPMAE)) showed a modest increase of the
char yield to 2.5% in TGA, while in PCFC test, char yield
remained 0%. Meanwhile, for the polymers with different P-
and N-moieties the char yields were significantly increased
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renic polymers with P- and N- monomer units

in both tests. For example, poly(S-ter-DEAMP-ter-MI)
demonstrated an increase of 25% (TGA) and 16% (PCFC),
while for poly(S-ter-DEpVBP-fer-MI) char yield increased
to 18% (TGA) and 20% (PCFC). The enhanced char yield
is potentially linked to the cooperative action of nitrogen
and phosphorus, resulting in the formation of various P-N
intermediates. It can be assumed that this process may
retain phosphorus in the condensed-phase, thereby making
the polymer more thermally stable. The results indicated
that the incorporation of P (e.g., DEAMP or DEpVBP) and
N atoms (MI) within different modifying units renders the
polymer more thermally resistant attributes compared to the
polymer containing P and N atoms within the same group,
as in poly(S-co-ADEPMAE).

As it can be seen from Fig. 7b, the AH, ., values obtained
from ‘bomb’ calorimetry (i.e., in the case of complete com-
bustion) were higher than the corresponding EHC values
calculated from PCFC (i.e., the case of incomplete and
forced non-flaming combustion) for all the polymers. Fig-
ure 7b also reveals that the chemical environments of P and
N atoms influenced the cooperative action. In comparison
with the poly(S-co-ADEPMAE), other two polymers such
as poly(S-ter-DEAMP-ter-MI) and poly(S-ter-DEpVBP-
ter-MI) lowered the AH, ., by 18% and 14%, respectively,
while the EHC was reduced by 28% and 17%, respectively.
Thus, the values of EHC and AH.,;,, which are primarily
related to the gaseous-phase activity of a FR, revealed that
the P-N cooperative effects were more pronounced in the
polymers where P and N were present in separate modify-
ing groups. From the above-mentioned analysis, it can be
concluded that chemical and physical interactions occur-
ring during thermal degradation of the modified polymers

T T T T
PS Poly(S-co-ADEPMAE) Poly(S-ter-DEAMP-ter-MI) Poly(S-ter-DEpVBP-ter-MI)

(b) of PS and sty-

omb

improved the combustion inhibition through a combination
of the condensed- and gaseous-phase activities.

In addition, it is equally important to compare the
chemical environment of P atoms within the modifying
groups bonded to the main chain. In the case of poly(S-
ter-DEAMP-fter-MI), P atom has an aliphatic surrounding
within the DEAMP group, while in the case of poly(S-zer-
DEpVBP-ter-MI), P atom is within the aromatic moiety,
DEpVBP. The thermogravimetric studies of these mono-
mers (Fig. 3) demonstrated that the aromatic monomer
DEpVBP had better thermal stability than the aliphatic
monomer DEAMP. However, thermal behaviours and com-
bustion characteristics of ter-polymers showed that the
polymer with the aliphatic P-moiety (poly(S-fer-DEAMP-
ter-MI)) had performed better at elevated temperatures
compared to the one with aromatic P-moiety. This is in the
agreement with the results obtained for the correspond-
ing co-polymers with DEAMP and DEpVBP units. The
P content calculated from "H NMR spectra was higher
for poly(S-co-DEAMP) than for poly(S-co-DEpVBP):
3.07 and 1.87 mass %, respectively. The higher incorpo-
ration of DEAMP units, as compared to DEpVBP, could
be explained by the fact that DEAMP is an acceptor-type
monomer, and hence would tend to copolymerise more
easily with styrene, which is considered as a donor type
monomer [12]. The same trend was observed in the case
of ter-polymers (see Table 2), poly(S-ter-DEAMP-ter-MI)
had a higher P content than the fer-polymer containing
DEpVBP monomeric units. However, it is also impor-
tant to note that despite a lower P content, poly(S-ter-
DEpVBP-ter-MI) performed better in terms of char forma-
tion and other combustibility parameters. This may be due
to the presence of aromatic rings within the P-containing
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group, DEpVBP, which tend to form char precursors upon
heating.

Conclusions

In this study, three different P-containing unsaturated
compounds (DEAMP, DEpVBP and ADEPMAE) and
one N-containing compound, MI, were used for the prepa-
ration of styrene-based co-and fer-polymers. Thermal and
combustibility characterisation showed that the co-polymer
with incorporated DEAMP units had better performance
compared to poly(S-co-DEpVBP) and poly(S-co-ADEP-
MAE). From thermal and calorimetric analyses, it was found
that the presence of only nitrogen within a FR group did
not significantly alter the thermal and combustion proper-
ties of PS. For the first time, the synthesis and characteri-
sation of ter-polymers of styrene, with different functional
monomers (DEAMP, DEpVBP and MI), were carried out
in the present work. The TGA results of the ter-polymers
indicated the influence of cooperative interactions between
P- and N-containing groups on the thermal degradation pat-
terns and combustion attributes of styrene-based polymers.
It was established that chemical incorporation of P- and
N-groups resulted in an overall increase of thermal stabili-
ties, in a lower mass loss rate and a higher char formation
(e.g., above 20% at 800 °C, under the nitrogen atmosphere)
of the modified polymeric products. More importantly, the
ter-polymers demonstrated almost a 50% reduction in the
pHRR and HRC values. In addition, the ter-polymers dis-
played the lower heats of combustion as opposed to the neat
PS. A comparison of thermal and calorimetric character-
istics of the modified styrenic polymers also revealed that
the extent of the cooperative interactions between P and N
strongly depended on the chemical environments and bind-
ing patterns of P and N atoms. The incorporation of P and
N into the polymeric chains as separate DEAMP, DEpVBP
and MI units made these polymers more resilient to ther-
mal degradation compared to a polymer containing P and
N atoms within the same pendent group (i.e., in the case of
poly(S-co-ADEPMAE)). The results from various tests also
pointed towards both condensed- and gaseous-phase activi-
ties of FR groups. The physio-chemical processes dictating
the exact mode of action of the modifying groups will be
published separately.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s10973-022-11404-6.
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