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The two-step synthesis of phosphonate-functionalised polyethylenes with enhanced thermal and flame-
retardant properties has been described. Solution phase copolymerisation of ethylene and 11-bromo-1-
undecene using the commercially available early transition metal catalyst, rac-ethylenebis(indenyl)zirco-
nium dichloride, produced poly(ethylene)-co-(11-bromo-1-undecene) with comonomer incorporation
levels up to 6.10 mol%. Solvent-free post-polymerisation modification of the poly(ethylene)-co-(11-
bromo-1-undecene) with the phosphite esters, P(O'Pr)s and P(OPh)s successfully converted the bromide
group into the corresponding phosphonate group on polyethylene (PE-PO(OR),). The phosphonate-
functionalised polyethylene was characterised by NMR and IR spectroscopy, GPC and DSC. Higher
thermal stability (higher Tios, Ts0% Tmax @nd % residue at 700 °C) was determined by TGA with respect to
pure LDPE. Microscale combustion calorimetry (MCC) tests indicate significant lower values of heat
release capacity (HRC), peak heat release rate (pHRR) and total heat release (THR) compared to those of
LDPE, indicating an enhanced flame retardancy. Importantly, blends of LDPE and PE-PO(OR), with
weight ratios of 90:10, 95:5 and 99 :1 demonstrate higher thermal stability compared to LDPE despite
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the low concentration of the phosphonate group. Additional incorporation of traditional inorganic flame
retardant additives (aluminium hydroxide, ATH), LDPE : ATH : PE-PO(OR), with 80:10:10 wt%, presents
higher thermal stability than pure LDPE or blended LDPE with PE-PO(OR), due to a synergistic effect
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Introduction

Despite being the most widely used plastic in the world, poly-
ethylene has a low limiting oxygen index (LOI) and poor fire re-
sistance which restrict its uses in many desirable applications
requiring fire safety standards." Traditionally, flame retardancy
of polyolefins was improved by using flame-retardant additives
such as chlorinated or brominated compounds, often used in
synergistic combination with antimony trioxide.> Many haloge-
nated chemicals have proven to be highly persistent, bioaccu-
mulative and toxic in the environment and to animals and
humans.® Phosphorus flame retardants (PFRs) are considered
alternatives for halogenated FRs due to their chemical versati-
lity, multiple flame retardant mechanisms and high flame
retardancy even at low loadings. Three different general struc-
tures of these PFRs can be recognised: the phosphite esters
(O=P(OR);), the phosphonates (O=P(OR),R), and the phos-
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from the combination of the phosphonate group and ATH.

phinates (O=P(OR)R;). Most PFRs have mechanisms of action
in the solid or condensed phase by enhancing char
formation.*”*° In the condensed phase, PFRs act as acid pre-
cursors leading to the formation of a char layer by esterifica-
tion and dehydration, which shields the material from oxygen
and prevents the formation of flammable gases.®° The gas-
phase mechanism generally acts in parallel with the con-
densed phase mechanism by releasing PO’ radicals which
react with H" and OH’ radicals formed during the combustion
of hydrocarbon fuels and lower their concentrations.”

Flame retardant properties of the polymer can be improved
by physically mixing the polymer with flame retardant
additives’™® or chemically binding the phosphonate group
into the polymer by radical polymerisation® or metal-catalysed
copolymerisation.’® The introduction of the phosphonate
group into the polymer by chemical modification not only
enhances the flame retardancy efficiency with a relatively low
level of comonomers but also mitigates issues related to physi-
cal blending with additives such as mobility in polymer or
poor compatibility with polymer matrix.”**!

The copolymerisation of olefins and polar comonomers
appears to be the most facile approach to incorporate polar
functionalities into polyolefins giving rise to higher order
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polymeric architectures with substantial changes in material
properties.'> However, electrophilic early transition metal
(groups 3 and 4) catalysis, which has been widely used in con-
ventional olefin polymerisation, encounters severe limitations
due to strong interactions between Lewis-acidic cationic metal
centres and Lewis-basic polar functional groups, preventing
olefin coordination and insertion and deactivating the catalyst.
Also, the coordination of the Lewis basic group on the inserted
comonomer at the metal centre forms a chelate structure. This
effect is severe in early transition metal catalysed copolymeri-
sation with short-chain comonomers, since a stable 5- to
7-membered chelating ring can be formed. Strategies such as
functional group protection using excess Lewis acidic masking
reagents such as methylaluminoxane (MAO) or trisaluminiu-
malkyl (AIR;) have been employed.”> Use of longer linker
comonomers was reported to be able to effectively suppress
polar monomer binding.'* Use of late transition metal cata-
lysts (Ni and Pd) for copolymerisation of ethylene and polar
comonomers have also been widely reported due to their lower
acidity and oxophilicity than early transition metal
catalysts.'®'> However, the high cost and toxicity hinder indus-
trial upscaling.'®

Herein, we report a solution for the challenges associated
with the synthesis of phosphonate-functionalised polyethylene
using metal catalysed copolymerisation; the two-step synthesis
of phosphonate-functionalised polyethylene via solution-phase
copolymerisation of ethylene and 11-bromo-1-undecene (11-
Br) using commercially available rac-ethylenebis(indenyl)zirco-
nium dichloride (Zr) as a catalyst and methylaluminoxane
(MAO) as a cocatalyst (Scheme 1a) followed by post-polymeris-
ation modification of poly(ethylene)-co-(11-bromo-1-undecene)
with phosphite esters (P(O'Pr); and P(OPh),) (Scheme 1b). The
effect of varying concentrations of catalyst, comonomer and
triisobutylalminium (TIBA) on activity and comonomer incor-
poration level was studied. Characterisation, thermal property
and flame retardancy of phosphonate functionalised polyethyl-
ene were also investigated and these polymers show remark-
able enhancements in thermal stability and flame retardent
properties with respect to the virgin polymer.
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Scheme 1 Synthesis of phosphonate-functionalised polyethylene via
(a) copolymerisation of ethylene and 11-bromo-1-undecene using rac-
ethylenebis(indenyl)zirconium dichloride and methylaluminoxane fol-
lowed by (b) post-polymerisation modification with phosphite esters.
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Results and discussion
Solution-phase copolymerisation of ethylene and bromoalkene

Solution-phase copolymerisation of ethylene and a series of
o-bromo-a-alkenes were carried out with Zr and MAO as a
cocatalyst. The summarised copolymerisation data suggests
the prominent effect of a distance between the double bond
and the bromide group on the catalytic activity and comono-
mer incorporation level (Table 1). For the bromoalkenes with
longer methylene chains, 11-bromo-1-undecene (11-Br) and
7-bromo-1-heptene (7-Br), a copolymer with higher comono-
mer incorporation with higher yield and activity was afforded,
which is consistent with the literature."” For the comonomers
with shorter methylene chains, 5-bromo-1-pentene (5-Br) and
6-bromo-1-hexene (6-Br), the metal centre could be poisoned
through backbiting of the bromide group generating chelate
structures which retard the rate of copolymerisation.'> The
backbiting for the long-chain comonomer to form the bigger
ring, however, is not favourable due to lower entropy.'””
Another potential side product is the metal-Br species from
the p-heteroatom elimination resulting in inactive catalytic
species.'

Copolymerisation of ethylene and 1-dodecene was also
carried out to study the impact of polar comonomer (11-Br) vs.
non-polar olefin (1-dodecene) on copolymerisation activity and
incorporation level. Under analogous conditions (Table 1,
entries 5 and 6), comparable activity and comonomer incor-
poration level were observed suggesting a trivial effect of the
functional bromide group on copolymerisation with ethylene.
A monomodal molecular weight distribution was displayed
from their GPC traces (Fig. S59). The short chain branching
(SCB) profile of poly(ethylene)-co-(1-dodecene) shows a higher
M,, fraction containing higher short chain branches (SCB)/
1000TC suggesting more 1-dodecene was incorporated at the
higher molar mass fractions (Fig. S591). The SCB profile from
using 11-Br suggests that the comonomer was more evenly dis-
tributed across the range of molecular weights. The "*C{"H}
NMR spectrum of poly(ethylene)-co-(1-dodecene) shows signals
at 120.55 and 99.91 ppm corresponding to the olefinic end
group (Fig. S12%). These signals were diminished from those
of poly(ethylene)-co-(11-bromo-1-undecene) (Fig. S107).

Compared with other polar comonomers, Zr exhibits higher
catalytic activity and better tolerability toward the bromide
group which could be explained by the activation and reactiva-
tion route.'”®'® During the copolymerisation, the bromide
group of the free comonomer or the end group of growing
polymer chains can compete with ethylene to coordinate at the
metal centre and form the dormant species. Unlike other
heteroatoms, the dormant species can be reactivated due to
much lower metal-halogen bond energy and the active site can
therefore be regenerated. This mechanism also implies that
the more electronegative fluoride and chloride groups will
have higher binding energies to the metal centre compared to
the bromide and iodide groups; hence, will be difficult to liber-
ate during the reactivation step to regenerate the active cat-
ionic species.'”®

This journal is © The Royal Society of Chemistry 2023
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As the highest comonomer incorporation and activity was
obtained using 11-Br, an in-depth study of ethylene/11-Br
copolymerisation was carried out to study the effect of varying
concentrations of catalyst, comonomer and TIBA on the
activity and comonomer incorporation level. The copolymerisa-
tion data are summarised in Table 2. Under analogous con-
ditions, a significant reduction in activity was observed from
copolymerisation of ethylene and 11-Br (entries 2-9) compared
to ethylene homopolymerisation (entry 1). The decreased
activity could be explained by the so-called “Polar Monomer
Problem”."” The copolymerisation without TIBA as a protect-
ing agent for 11-Br showed that only 34% of 11-Br was copoly-
merised, resulting in copolymer containing only 0.50 mol%
incorporation level (entry 2). The molar ratio of 2:1 of
TIBA : comonomer was used for the copolymerisation of ethyl-
ene and 11-Br (entry 3). Excess TIBA was widely employed to
mitigate the Lewis basic functional group effects.'® Copolymer
with 1.12 mol% incorporation level was obtained which 93%
of 11-Br. However, its comonomer incorporation cannot be
accurately determined from its "H NMR spectrum due to the
presence of signals tentatively corresponding to the residual
oxides (Fig. S41). A similar issue with the '"H NMR spectrum
was also encountered from the copolymerisation with an
absence of TIBA (Fig. S4t). To reduce the undesired effect
from the excess TIBA, a molar ratio of 1:10 TIBA: 11-Br was
employed leading to higher activity, productivity and incorpor-
ation level (Table 2, entries 3-9).

Higher yield, productivity, activity and comonomer incor-
poration level were observed with decreasing catalyst concen-
tration (entries 4-6). 92% of 11-Br was copolymerised when
using 0.025 mM of Zr, followed by 88 and 61% when using
0.05 and 0.1 mM of Zr, respectively. The comonomer incorpor-
ation level determined from 'H NMR spectroscopy is in the
range of 2.44-6.10 mol% which is higher than those reported
in the literature."””*'®2° The signal at 3.49 ppm corresponds to
the methylene protons adjacent to the bromide group indicat-
ing the successful incorporation of 11-Br (Fig. S51). A
reduction in melting temperature (7,,,) and crystallinity from
the copolymer containing bromide group compared to those
of homopolyethylene was observed from DSC (Table 2).

The molecular weights of the copolymers are much lower
than those of polyethylene and considerably decline at higher
concentrations of 11-Br (Table 2). The reduction in molecular
weight for the copolymers could be attributed to the chain
transfer reactions induced by the spatial active site of Zr. In
addition to the chain transfer to aluminium alkyl, f-H trans-
fers to metal and monomer are also significant in the poly-
merisation using Zr.'®**' The competing coordination to the
metal centre between the 11-Br and ethylene could hinder the
incorporation of ethylene and accelerate the chain transfer
reactions resulting in a reduction in molecular weights of the
resultant copolymers. Broad molecular weight distribution
(My/M,, = 7.6-8.2) was observed at copolymerisation using 0.1
and 0.05 mM of Zr. Better control on molecular weight distri-
bution was observed when the Zr concentration was reduced
to 0.025 mM, displaying narrower M,/M, values between

Polym. Chem., 2023, 14, 3175-3185 | 3177
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3.4-4.5. The FT-IR spectrum of the copolymer shows the
adsorption band assigned to C-Br stretching at 656 cm™*
(Fig. S407). The bands at 719 and 1463 cm ™" correspond to the
bending vibrations and the rocking vibration of methylene
protons of polyethylene. Additionally, the bands at 2916 and
2848 cm™ " are attributed to the asymmetric and symmetrical
stretching vibrations of CH, of polyethylene.

Post-polymerisation modification of brominated
functionalised polyethylene

Attempted copolymerisation of ethylene and phosphonate
comonomer, CH,—CH(CH,),P—O(O'Pr), (n = 2-6), using Zr/
MAO was carried out. However, NMR and IR spectroscopy, and
DSC analyses indicate an absence of phosphonate group on
the polyethylene. An alternative route for the synthesis of phos-
phonate-functionalised polyethylene was therefore investi-
gated. Reactions of poly(ethylene)-co-(11-bromo-1-undecene)
and phosphite esters (P(OR);, R = ‘Pr and Ph) were used to syn-
thesise phosphonate-functionalised polyethylene using the
Michaelis-Arbuzov reaction.>>*?

Post-polymerisation modification of bromo-functionalised
polyethylene using triisopropyl phosphite

Poly(ethylene)-co-(11-bromo-1-undecene) with 5.80 mol%
comonomer incorporation level was reacted with an excess of
triisopropyl phosphite (P(O'Pr);, 50 equiv.) in a neat condition
at 130 °C for 48 h. Aliquots were collected at 3, 6, 24 and 48 h
and analysed by '"H NMR spectroscopy (Fig. S321). The 'H
NMR spectrum of the aliquot taken at 48 h shows that 96% of
the bromide group was converted to the diisopropyl phospho-
nate group (Fig. S32%). The reaction temperature was increased
from 130 to 180 °C to reduce the reaction time. Under analo-
gous conditions. aliquots were taken at 3, 6, 24 and 48 h. The
"H NMR spectra of the aliquot collected after 3 and 6 h shows
97 and 100% of the bromide group converted to the phospho-
nate group, respectively (Fig. S337).

The signal of the methylene protons adjacent to the
bromide group (CH,Br, § = ca. 3.50 ppm) was absent while the
one from the phosphonate moiety, PO(OCHMe,),, was
observed at 4.74 ppm. The COSY NMR spectrum shows a
through-bond correlation between the signals corresponding
to the methine protons and the methyl protons from the phos-
phonate group (4.74 ppm vs. 1.40 ppm) (Fig. S16). The *'P
{'"H} NMR spectrum shows a sharp signal at 29.5 ppm indicat-
ing the presence of the phosphonate group into the polyethyl-
ene (Fig. S15%). It is noted that the signal of triisopropyl phos-
phite at ca. 140 ppm was not observed. The 'H-*'"P HMBC
NMR spectrum shows cross-peaks at 4.7 ppm (1H)—29.5 ppm
(*"P{'H}) and 1.7 ppm (‘H)-29.5 ppm (*'P{"H}) (Fig. S191). This
provides support for the assignment of the resonances corres-
ponding to the ‘Pr group of the phosphonate moiety and its
neighbouring methylene protons. The DSC analysis of the
phosphonate copolymer shows a melting temperature at
123 °C and a degree of crystallinity of 40% (Fig. S677). The
presence of the phosphonate moiety on the polyethylene back-
bone is also confirmed by FT-IR spectroscopy (Fig. S417). The

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3py00143a

Open Access Article. Published on 15 June 2023. Downloaded on 10/17/2025 8:41:02 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Polymer Chemistry

peaks corresponding to P=—O at 1243 cm ' and P-O-C at
1007-982 cm ™" were observed together with the transmission
bands at 2916, 2848, 1463 and 719 cm™ ' assigned to the
(CHy),, of the copolymer.

The bromine concentration in the copolymer samples was
analysed using the oxygen combustion flask technique with
the analytical uncertainty of 0.3% absolute. 9.65 wt% of
bromine was detected from poly(ethylene)-co-(11-bromo-1-
undecene) with a 5.8 mol% incorporation level. After the post-
polymerisation modification with P(O'Pr);, 0.23 wt% of
bromine was reported despite the absence of resonances
assigned to bromide moiety from the 'H and “C{'H} NMR
spectra of PE-PO(O'Pr), (Fig. $13 and S211).

Post-polymerisation modification of bromo functionalised
polyethylene using triphenyl phosphite

Poly(ethylene)-co-(11-bromo-1-undecene) with 5.11 mol%
comonomer incorporation level was reacted with an excess of
triphenyl phosphite (P(OPh);, 50 equiv.) in neat conditions at
180 °C for 24, 48 and 72 h. The '"H NMR spectra of the result-
ing copolymers, after purification, suggest the incomplete con-
version of the bromide group to the phosphonate group, indi-
cated by a signal at 3.49 ppm corresponding to the methylene
protons of the bromide group (CH,Br) (Fig. S35%). Signals in
the region of 7.15-7.50 ppm are attributed to the aromatic
protons on the phenyl ring of the phosphonate moiety. Based
on the integral numbers, the mole ratios of the bromide group
to the phosphonate group is 50:50, 30:70 and 20: 80 deter-
mined from the terpolymers obtained from the reactions
carried out for 24, 48 and 72 h (PE-Br-PO(OPh),_50%, PE-Br-
PO(OPh),_70% and PE-Br-PO(OPh),_80%), respectively.

Similar to the post-polymerisation modification using trii-
sopropyl phosphite, higher conversion was achieved by
increasing the reaction temperature from 180 to 200 °C. After
72 h at 200 °C, the bromide group was fully converted to the
phosphonate group evidenced by its 'H NMR spectrum
(Fig. S227). The *'P{'"H} NMR spectrum shows a singlet at
25.14 ppm confirming the presence of the phosphonate group
on the polyethylene backbone (Fig. S231). The "H-*'P HMBC
NMR spectrum shows cross-peaks at 7.39-7.28, 2.16, 1.88 ppm
(*H) with 25.2 ppm (*'P{*H}) supporting the NMR spectro-
scopic assignment of the signals corresponding to the phenyl
rings and the methylene groups adjacent to the phosphonate
group (Fig. S247). Melting temperatures (Ty,) in the range of
122-124 °C and degree of crystallinity of 20-32% were deter-
mined from DSC analysis. The FTIR spectrum of PE-Br-PO
(OPh), shows the absorption bands at 1270 cm™* (P=0) and
1190 and 930 cm™" (P-O-Ph) indicating the presence of the
phosphonate moiety (Fig. S42f). The bands between
1594-1463 cm™ ' were assigned to C-C stretching vibration of
the aromatic ring.

Thermal stability and flammability studies

Thermogravimetric analysis (TGA) is one of the widely used
techniques for the study of the thermal stability of materials
and also indicates the decomposition of the polymers at

This journal is © The Royal Society of Chemistry 2023
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various temperatures.”® The thermal stability of the investi-
gated polymers was evaluated by the temperatures at 10 and
50% weight loss (T, and Tsge,) and the temperature of
maximum rates of weight loss (Tha) as well as the solid
residual char yields at 700 °C. TGA was conducted under nitro-
gen and air atmosphere with a heating rate of 20 °C min™".
The TGA and DTG plots of the pyrolysis and thermal-oxidative
of the commercial LDPE and phosphonate-functionalised poly-
ethylene are displayed in Fig. 1. The summarised results are
shown in Table 3.

Under nitrogen atmosphere, TGA and DTG curves of PE-PO
(O'Pr),, PE-PO(OPh),, and LDPE demonstrate comparable
Ts00 and Tpax (500-510 °C) (Table 3, Fig. 1a and b). However,
T109% Ts00% and T,y obtained from LDPE were lower when per-
formed under an air atmosphere than nitrogen atmosphere. A
single-decomposition step was observed from testing LDPE
under both atmospheres evidenced by a single DTG peak
(Fig. 1b and d). The residue of the LDPE at 700 °C was at
0.16-0.22%. The presence of the phosphonate group on poly-
ethylene leads to higher thermal stability; thermal degradation
of PE—PO(O’lPr)2 and PE-PO(OPh), gives higher Ts5q, and Tyax
and residual percentage at 700 °C than those of LDPE. The
Ti00, Of PE-PO(OPr), conducted under an air atmosphere
(295 °C) is lower than LDPE (300 °C) which is attributed to the
lower bond dissociation energy of O=P-O and P-O-C bonds
than C-C bonds.”> The phosphonate group decomposes
during the first stage of heating between ca. 200-350 °C result-
ing in the formation of a carbonaceous char layer, shielding
the material from oxygen and preventing the formation of
flammable gases.’” Therefore, the degradation of polyethylene
occurred at higher temperatures indicated by higher Tsq¢, and
Tmax and an increased residual char yield (3.51-4.01%) com-
pared to LDPE.*® Higher T}q, from PE-PO(OPh), than PE-PO
(O'Pr), (455 vs. 270 °C) is attributed to the aromatic rings
incorporated into PE backbone resulting in the delayed first
stage of decomposition (Fig. 1c and d).*” The highest char
yield (4.01%) was gained from thermal-oxidative degradation
of PE-PO(OPr), (Table 3, entry 2), whilst the highest Ty, and
Ts00, Were observed from the TGA test of PE-PO(OPh), under
an air atmosphere (Table 3, entry 6).

The effect of the incorporation level of the phosphonate
group on thermal stability was observed from the TGA curves
of PE-Br-PO(OPh),_x% (x = 50, 70 and 80) and PE-PO(OPh),
conducted under nitrogen and air atmosphere (Fig. 2). During
the first thermal-oxidative degradation stage, a higher phos-
phonate incorporation level results in lower Tjg,. During the
second decomposition stage, higher Tsgy, and Ty, were
observed as well as higher char residual percentage correlated
with a higher phosphonate incorporation level.

Microscale combustion calorimetry (MCC) is a thermal ana-
lysis method evaluating for flammability screening of poly-
mers. The MCC method directly measures the heat of combus-
tion of the gases evolved during controlled heating of milli-
gram-sized samples.”® The MCC test was conducted three
times for each sample and the average values of the flammabil-
ity parameters of PE-Br-PO(OPh), 50% and PE-Br-PO
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Fig. 1 TGA curves of reference polymers under nitrogen (a) and air (c) atmospheres and DTG curves of reference polymers under nitrogen (b) and

air (d) atmospheres.

Table 3 Data from DSC and TGA of LDPE and phosphonate functionalised

polyethylene?

Nitrogen atmosphere

Air atmosphere

T Crystallinity T10% Ts0% Tmax Residue” T10% Ts0% Tmax Residue”
Entry  Sample (C) (%) c) Q) (0 (%) ) Q) (0 (%)
1 LDPE ] 110 47 471 503 503 0.16 300 355 335 0.22
2 PE—PO(O'Pr)Z 123 19 307 509 293, 509 1.1 295 492 284, 487 4.01
3 PE—Br—PO(OPh]Z_SO% 124 23 462 505 508 0.95 377 481 393, 483 2.83
4 PE—Br—PO(OPh)277O% 122 32 423 503 506 1.16 360 496 342,496 3.24
5 PE—Br—PO(OPh]2_8O% 124 20 457 503 505 1.66 362 505 344, 503 3.35
6 PE—PO(OPh)2 117 18 475 510 510 1.22 455 506 333, 507 3.51

“TGA tests were performed between 50-800 °C under nitrogen and air atmospheres with a heating rate of 20 °C min™".

(OPh),_80% including the heat release capacity (HRC), the
peak heat release rate (pHRR), the total heat release (THR) and
the temperature at pHRR (T,urr) are listed in Table 4.

The HDPE sample gives high values of HRC, pHRR and
THR indicating a high release amount of the flammable pro-
ducts. More than 80% reduction in the values of HRC, pHRR
and THR was observed from PE-Br-PO(OPh),_50% and PE-

Br-PO(OPh),_80% compared to those of HDPE. These indicate

3180 | Polym. Chem., 2023, 14, 3175-3185

~1, > Residue at 700 °C.

that the incorporation of the phosphonate group increases the
flame retardancy performance of polyethylene. Lower values of
MCC parameters from PE-Br-PO(OPh), 80% compared to
those of PE-Br-PO(OPh),_50% were observed suggesting the
enhanced flame resistance correlating with higher phospho-
nate group incorporation level. The HRC value from the MCC
test was utilised to predict the fire behaviour and flame resis-
tance of flame-retardant polymers.”® The HRC of PE-Br-PO

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 TGA curves of PE-PO(OPh), and PE-Br—PO(OPh),_x% (x = 50, 70 and 80) under nitrogen (a) and air (c) atmospheres and DTG curves of

reference polymers under nitrogen (b) and air (d) atmospheres.

Table 4 MCC Data of HDPE and phosphonate functionalised

polyethylene

HRC PHRR THR
Sample Ugg™'x) Wg™ (g T (°C)
HDPE?*%%° 1486 1351 43.5 504
LDPE foam 984.0 971.5 37.0 493.0
PE-Br-PO(OPh),_50% 271.39 228.70 8.52 488.2
PE-Br-PO(OPh),_80% 223.16 188.49 7.36 488.7
PE-PO(OPh),_100% 218.37 185.79  11.10 496.2

(OPh),_50% and PE-Br-PO(OPh), _80% are lower than 300 J
g~ ' K (HRC = 223-271 ] g~ K) suggesting the UL 94 V-0 rating.

Polymer compounding with LDPE and inorganic flame
retardant additive

The mixtures of low-density polyethylene (LDPE) and PE-PO
(OiPr), or PE-PO(OPh), in a ratio of 90:10, 95:5 and
99:1 wt% were prepared via melting in xylene at 120 °C for
5 minutes to obtain a clear solution. The polymer was precipi-
tated with an addition of pentane, filtered and dried under

This journal is © The Royal Society of Chemistry 2023

vacuum at 90 °C for 18 h. Their thermal properties were
studied using TGA performed under an air atmosphere. The
TGA parameters and curves are listed in Table 5 and Fig. 3.
LDPE was employed in this study due to its application as a
protective jacket for wires and cables.*® However, LDPE is a
highly flammable thermoplastic with melt dripping behaviour
when burning.

As expected, reduced thermal stability was observed when
blending PE-PO(O'Pr), or PE-PO(OPh), with LDPE according
to their decreased Tigo, T50%, Tmax aNd % residual at 700 °C,
compared with the pure phosphonate-functionalised polyethyl-
ene. The blended polymers; however, have higher Tig0,, 500
and T.x compared to those of pure LDPE regardless of 10, 5
and 1 wt% substitution of LDPE with PE-PO(O'Pr), or PE-PO
(OPh),. These signify that a low concentration of the phospho-
nate group on polyethylene can lead to enhanced thermal
stability.

The inorganic flame retardant additive, Al(OH); or ATH,
was blended with LDPE and PE-PO(O'Pr), or PE-PO(OPh),.
ATH has been commercially used in polyethylene wire and
cable formulations due to its low toxicity, cost efficiency, white
colour and excellent flame retardancy and smoke suppression

Polym. Chem., 2023, 14, 3175-3185 | 3181
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Sample Wt% T10% (°C) Ts09% (°C) Timax (°C) Residue at 700 °C (%) Tm (°C) Crystallinity (%)
LDPE ) 100 299 355 335 0.0 110 47
LDPE : PE-PO(O'Pr), 90:10 401 463 465 0.5 111 49
95:5 357 426 425 0.1 111 52
99:1 385 426 444 0.3 110 38
LDPE : PE-PO(OPh), 90:10 383 440 393, 454 0.4 111 41
95:5 389 427 426 0.3 110 42
99:1 363 400 392 1.3 111 46
LDPE : ATH ) 90:10 320 360 333 5.8 111 46
LDPE : ATH : PE-PO(O'Pr), 80:10:10 372 473 310, 477 8.2 113 32
LDPE : ATH : PE-PO(OPh), 80:10:10 362 475 328,476 71 111 42

“TGA tests were performed between 50-800 °C under an air atmosphere with a heating rate of 20 °C min™".
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Fig. 3 TGA (a and c¢) and DTG (b and d) curves of PE-PO(OR), and blended LDPE with PE-PO(OR), polymers under an air atmosphere.

property.”® ATH function by liberating water vapour from
endothermically decomposition reaction occurring between
220-400 °C. Water vapour can hinder the combustion process
by diluting the flammable gases and shielding the polymer
surface from oxygen. However, high loading of ATH of at least
35 wt% is required leading to degraded physical properties
(increasing part density and brittleness). Therefore, synergistic
flame retardant from the combination of low loading of ATH

3182 | Polym. Chem., 2023, 14, 3175-3185

30,32 326,33 32¢,34

with phosphorus, silicon, nitrogen or boron*
containing flame retardant has been extensively studied.

The ratio of LDPE : ATH : phosphonate-functionalised poly-
ethylene is 80:10:10 wt%. TGA and DTG curves of
LDPE : ATH (90 : 10 wt%) show comparable thermal stability to
those of pure LDPE (Fig. 4a and b). Higher Ti90, T50%, Tmax
and % residual at 700 °C (7.1-8.2%) was obtained from

LDPE : ATH : PE-PO(OR), (80:10:10 wt%), compared to those

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 TGA (a and c) and DTG (b and d) curves of blended LDPE, ATH and PE-PO(OR), polymers under an air atmosphere.

with LDPE:ATH (90:10 wt%) and LDPE:PE-PO(OR),
(90 : 10 wt%). The enhanced thermal stability can be attributed
to the synergistic effect in the condensed phase.**”? During
the combustion process, phosphonate group on polyethylene
degrades generating polyphosphoric acid. In the meantime,
ATH releases water and formes aluminium oxide.
Polyphosphoric acid then reacts with aluminium oxide to form
aluminium metaphosphate (Al(PO;);), increasing the density
and isolation effect of the char layer and inhibiting the trans-
mission of oxygen and heat.

Conclusions

The preparation of phosphonate-functionalised polyethylenes
was carried out via reaction of poly(ethylene)-co-(11-bromo-1-
undecene) and phosphite esters (P(OR);, R = ‘Pr and Ph) under
neat conditions. The presence of the phosphonate groups was
indicated by 'H and *'P{'"H} NMR and FT-IR spectroscopy and
DSC. The thermal stability of the phosphonate-containing
polyethylene was investigated by TGA. Higher thermal stability
was obtained from the phosphonate-containing polyethylene
compared to those of neat LDPE evaluated by higher Ty, and

This journal is © The Royal Society of Chemistry 2023

Ts0 and higher char residue at 700 °C. Two decomposition
stages were observed from TGA curves of polyethylene contain-
ing phosphonate groups, while a single decomposition step
was demonstrated on the TGA curve of LDPE. The phospho-
nate functionalised polyethylene show enhanced flame resis-
tance indicated by more than 80% reduction in HRC, pHRR,
THR and TpHRR from MCC compared to those from HDPE.
The polymer compounding of LDPE with PE-PO(O'Pr), or PE-
PO(OPh), (90:10, 95:5 and 99:1 wt%) exhibited higher
thermal stability than pure LDPE evidenced by higher T,
Ts09 and Ty determined from TGA. However, a decrease in
thermal stability was observed when compared with pure phos-
phonate functionalised polyethylene. The improvement of
thermal stability was observed from the blending of LDPE, PE—-
PO(OR), and ATH (80:10: 10 wt%) compared to pure LDPE or
LDPE: ATH (90:10 wt%) due to the synergistic effect in the
condensed phase.
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