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Abstract

Different types of functionalized thermoplastic polyphosphazenes such as poly(bis(furfuroxy)phosphazenes) (PBFP),
poly(bis(1-adamantanemethylamine)phosphazenes) (PBAP) and poly(bis(cyanophenoxy)phosphazenes) (PBCP) were
synthesized and further characterized to study their flame retardant properties. Structural characterizations were carried
out by using GPC, FTIR, 'H & 3P NMR and wide angle XRD. Beside this, the solubility behaviour of these synthesized
polyphosphazenes was checked in various protic and aprotic solvents. Thermal analysis and combustion properties of
synthesized polyphosphazenes were investigated using thermogravimetric analysis (TGA), differential scanning
calorimetry, UL-94 (vertical burning test) and cone calorimetry. The Limiting Oxygen Index values of synthesized
polyphosphazenes were also determined from their % char yield obtained in TGA. It was found that the LOI value was
highest for PBCP and lowest for PBAP amongst all substituted polyphosphazenes. Further, all the polymeric samples
showed high flame retardancy with UL-94 V-0 rating. The water uptake property of synthesized polyphosphazene
polymers was also invested by measuring their water contact angles which showed that all the polymers were
hydrophobic in nature with their water contact angles in the range of 137° to 141°. Copyright © VBRI Press.

Keywords: Functionalized polyphosphazenes, limiting oxygen index, flame retardancy, cone calorimetry, UL-94.

to be essential for the commercial development of
polyaryloxyphosphazenes [16]. Polyphosphazenes have
been exposed to have exceptional compatibility [17-
18]. They have been productively proven as vehicles

Introduction

Polyphosphazenes are the most versatile category of
inorganic polymers which display very broad range of

chemical and physical properties due to variety of
substituents attached to their backbone phosphorous
atoms [1-4]. Depending on the substituents,
polyphosphazenes show significant amount of
properties like oxidative stability, biocompatibility,
high thermal stability and biodegradability [5-7].
Further, polyphosphazenes can be water soluble or
repellent, flexible at low temperatures, flame retardant,
stable at high temperatures, resistant to harsh chemicals
& UV radiation, biologically active and biodegradable
[8-11]. Moreover, P-N backbone in polyphosphazenes
is flexible due to which it is possible for these polymers
to undergo structural changes in the solid state.
Crystalline  polyphosphazenes  generally  exhibit
polymorphism with a mesomorphic state between
crystalline and melted state. Another characteristic
common to nearly all the polyphosphazenes is their
combustion behaviour. They exhibit high oxygen index,
low smoke emissions, no corrosiveness and low toxicity
of combustion gases [12-15]. This property has proven
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for drug delivery and tissue regeneration treatment [19].
Due to hydrolytic unsteadiness of P-N bond in the
presence of definite side groups, certain animated
polyphosphazenes are admirable candidates as
biodegradable polymers. Polyphosphazenes substituted
by amine group have higher sensitivity in acidic
medium than neutral or basic medium. Their
degradation rate is significantly quicker in acidic media
[20]. Beside these, polyphosphazenes have also some
qualities which make them precious for energy,
aerospace or oil drilling purposes. These properties
comprise of low temperature litheness and softness,
resistance to various fuels, oils and hydraulic
liquids, resistance to fire, radiation and ultraviolet
permanence [21-22]. Polyphosphazenes have been also
employed as a matrix material in thermal conductive
composites [23].

Polyphosphazenes can be used as an active flame
retardant additive since these materials display high
LOI values [24]. Cyclotriphosphazenes are one of the
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interested material which exhibit main chain of —P=N-
units and self-extinguishing nature in flame tests [25].
Phosphorous based flame retardant materials (PFRMSs)
are one of the promising members of multilateral
halogen-free flame retardant materials which can be
used in vapor and condensed phase reactions [26-27].
These materials furnish flame retardancy in the
polymers by emboldening carbonization and char
formation [28]. Allyl functionalized polyphosphazenes
[24] and 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide (DOPOQO) are one of the proficient PFRMs
which have engrossed interest due to their extraordinary
thermal stability [29-31]. Aryloxy or allylamine
substituted polyphosphazene is also highly thermal
stable as well as potential flame retardant material [32,
33]. Beside these, fluoroalkoxy elastomers have been
used as fire retardant materials due to their low Tg and
insolubility [34]. Polyphosphazenes containing mixed
substituents (alkoxy and aryloxy) elastomers have been
used as fire retardant materials and foam expansion
insulations [35]. Poly(fluorophosphazene) combined
with  organo-bromine compounds enhances the
flame retardancy of polyethylene terephthalate [36].
Further, a multifunctional organic-inorganic hybrid
polyphosphazene having melamine group wrapped
ammonium phosphate has been also wused as
potential flame retardant material [37]. Even
phospham [38], (poly)aminophosphazene [39-40],
phosphorus oxynitride [41] have been utilized as flame
retardant materials.

In the present investigation, we have synthesized
thermoplastic  polyphosphazenes by  substituting
the chlorine atoms of polydichlorophosphazene
with  furfuroxy, 1-adamantanemethylamine and
cyanophenoxy side groups and study their structural,
thermal and flame retardant and hydrophobic properties
to use them as water repellant coating and flame
retardant materials for defence applications.

Experimental

Materials

Materials  used in the experiment  were
hexachlorotriphosphonitrile (99%), CaS0O4.2H,0(99%),
furfuryl alcohol (98%), 1-Adamantanemethylamine
(99%), cyanophenol (98%), sodium hydride (60%
dispersed in mineral oil), anhydrous THF (99%),
hexane anhydrous (95%) & petroleum ether AR
60-80°C. All of them were obtained from Sigma
Aldrich and used without further purification.

Characterizations

FTIR spectra of polymers were performed on the
JASCO FT-IR 4000 instrument & the spectra were
recorded in the range from 500 to 4000 cm™ by using
KBr pellet method. The existence of various groups &
linkages etc. is identified from spectra.

NMR spectra were obtained on a Bruker Advance
I1l, 400 MHz spectrometer operating at various
frequencies viz.400 MHz for 'H spectra and 160 MHz
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for 3P spectra. Standard pulse sequences were used for
obtaining 'H, and 3P spectra. Samples were dissolved
in deuterated DMSO. The reference standard for
'HNMR was TMS & for P NMR was 85% H3PO; as
external standard.

GPC of synthesized polyphosphazenes was carried
out using Malvern Viscotek 350 HT gel permeation
chromatograph module 350 A using tetrahydrofuran as
a solvent. The GPC columns were calibrated with
polystyrene standards (Waters).

Wide angle X-ray diffraction patterns of the
synthesized polyphosphazene polymers were recorded
on an XRD-6000 diffractometer with Cu/Ka target
(40 kV, 15 mA) and having scanning rate was 50 min.

Differential Scanning Calorimetry (DSC) analysis
of polymer samples was performed with TA
Instruments DSC-Q100 using Indium metal for
calibration of the instrument according to standard
procedures. The analysis was done under N
atmosphere with heating rate of 10°C/min.

Thermo-gravimetric analysis was carried out using
DuPont TGA-2100 thermal analyzer in the temperature
range from room temperature to 800°C with heating
rate of 10°C/min. in inert atmosphere. Limited oxygen
index (LOI) was measured from the char yield of the
synthesized polyphosphazenes using Van Krevelen and
Hoftyzer equation [42].

LOI = 17.5 + 0.4c (1)

where 6 — Char yield at 800°C (the data are reported in
Table 2).

LOI was further investigated using Rheometric
oxygen index instrument connected with nitrogen and
oxygen pressure regulators. Samples having dimension
of 15 x 5 cm? were prepared and ignited using propane
gas burner in the combustion column. Average LOI
value was calculated by testing three to four replicates
of each sample.

The flame retardancy of the polymeric samples was
further investigated using UL94 (Vertical burning test)
where the samples were characterized into VO, V1 and
V2 according to their ASTM D 3801. The test was used
to find ignition response time and relapse time of the
samples with each having 6 mm thickness.

Cone calorimetry studies of each polymeric sample
were carried out on cone calorimeter (Fire Testing
Technology, UK) using ISO 5660 standard. The
dimensions of polymeric sheets were 100X100X3 mm3,
The external heat flux of 35 kWm? was exposed on
each sample. The Water uptake property or wettability
of each PPZ surface was further analyzed by
investigating liquid droplet profile by calculating their
water contact angle using contact angle goniometer
(model No. HO-ED-M-1, India). The polymeric
samples were cleaned using mixture of acetone/ethanol
(2:1) and then placed on sample stage. A small water
drop was further placed on polymeric sample with the
help of clean syringe, and the contact angle was
measured. It was assume that if contact angle 6 was 0°,
surface was completely wetted by the liquid. Besides
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this, if the contact angle lied between 0° and 90°, the
surface was partially wetted by the liquid. Contact
angle 8 of 90° was assigned to absolute non-wetting of
polymers by liquid [43].

Methods
Synthesis of polydichloropolyphosphazene

Fresh and dry hexachlorocyclotriphosphazene
(HCCTP) 10 g (28.7 mmol) was taken in a dry pyrex
glass tube along with catalyst (CaSO4.2H,0) 1.8mg
(10.47mmol) & sealed under vacuum. The tube was
then kept in a hot air rotatory oven and heated to 230°C
for 1.5 hrs and then at 250°C for 15 hrs after which
time, the molten material inside the tube almost stopped
to flow. The tube was then allowed to cool at room
temperature. After this, the tube was broken in an inert
media and reacted contents were dissolved in 50mL of
petroleum ether for removal of unreacted trimer. The
obtained polymer was dissolved in 30mL of anhydrous
THF as a pure product. The final product i.e. poly-
dichlorophosphazene (PDCP) was separated as a light
yellowish rubbery material. The yield of synthesized
PDCP was obtained >83%. The scheme for synthesis of
polydichlorophosphazene is provided in Fig. 1.

Synthesis  of  poly(bis(furfuroxy)phosphazene) (PBFP),
poly(bis(1-adamantanemethylamine)phosphazenes) (PBAP)
and poly(bis(cyanophenoxy)phosphazenes) (PBCP)

Furfuryl alcohol, 16.9 g (172.45 mmol), was added
drop wise to a stirred solution of NaH, 13.98 g (582.25
mmol) in 60 mL anhydrous THF taken in three-necked
round bottom flask equipped with a dropping funnel
and inert gas inlet tube, over a period of two hrs. The
solution mixture of furfuryl alcohol appeared
transparent in colour which indicated the confirmation
of furfuroxy anion in the solution. The prepared
solution was then added drop wise to solution of
polydichlorophosphazene, 10 g, in tetrahydrofuran
contained in another three-necked round bottom flask
equipped with a dropping funnel and inert gas inlet
tube. The mixture was refluxed at 45°C for 20 hrs and
14.4 mL (103.4 mmol) triethylamine as a base was
added and stirred for 2 hrs. Upon cooling to optimum
temperature, the product was filtered through Whatman
no.l filter paper and the volume of the THF was
reduced. The concentrated solution was then added to
100 mL water with stirring. The precipitated polymer
was dissolved in dry THF and precipitated with dry
hexane and dried in vacuum. The polymeric material
was isolated as a dark brown solid product with yield of
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75%. The similar procedure was adopted for
the preparation of poly(bis(1-adamantanemethylamine)
phosphazenes) (PBAP) and poly(bis(cyanophenoxy)
phosphazenes) (PBCP) where 26g (172.2 mmol)
adamantylamine and 20.51g (172.35 mmol)
cyanophenol were added drop wise to a stirred solution
of 21.51 g (896.25mmol) and 16.96 g (706.67 mmol)
of NaH, respectively, in 70 mL anhydrous THF solvent,
The yield of PBAP and PBCP were obtained as 80%
and 70%, respectively. The scheme for the synthesis of
PBFP, PBAP and PBCP is provided in Fig. 1.

cl Cl

v NS |
Cl—P” *p=cCl Sealed tube,CaS0,.2H,0
(] | 2 . — N
_ P=—N
N.pel 250°C, 15 Hrs.
N\
cl’ ¢l cl

% 24 hrs, THF Solvent Q \
=

PDCP

PBAP
PBCP cN

Fig. 1. Scheme for the synthesis of PDCP, PBFP, PBAP & PBCP.

Results and discussion

This section contains the results obtained from
synthesis and characterization of synthesized polymers
based on poly(bis(furfuroxy)phosphazenes) (PBFP),
poly(bis(1-adamantanemethylamine)phosphazene)
(PBAP) and  poly(bis(cyanophenoxy)phosphazenes
(PBCP).

GPC analysis of PBFP, PBAP and PBCP

The molecular weights of PBFP, PBAP and PBCP were
taken in THF solvent with Viscotek 350 HT gel
permeation chromatograph module 350 A instrument.
The GPC profile of all the polymeric samples is shown
in Fig. 2. The number average molecular weights (Mn)
of synthesized polyphosphazene derivatives viz. PBFP,
PBAP and PBCP were measured to be 1.38x105,
1.05x105 and 1.89x105 Da, respectively. On the other
hand, the polydispersity indices of polyphosphazenes
(PBFP, PBAP and PBCP) were measured to be 1.806,
1.028 and 1.026, respectively. It was reported that the
trend in molecular weights (either Mn or Mw) of
synthesized polyphosphazene samples viz. PBFP,

| B PBFP N
| PBAP M,=105,637 /o
3 M,,=108,090

" PDI=1.028

M, =138,989

PDI=1.806

o w0 N 107

~=251,081 M,=189,609
M,,=194,612

PDI=1.026

10

" 9 10
Retention Volume (m]

1 1
Retention Volume (mL

u 15

Fig. 2. GPC trace of the synthesized polyphosphazenes.
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PBAP and PBCP followed decreasing order which
could be due to the stability parameter of the substituted
moieties. The aromatic molecules are rigid & stable and
hence their respective polymers have higher molecular
weights as compared to the aliphatic ones. Further, the
intrinsic viscosities of the aforementioned polymers
(PBFP, PBAP and PBCP) were obtained as 0.4768,
0.7380 and 0.4086 dL/g. The viscosity values of PBCP
and PBFP were lower than PBAP which might be due
to inter-electronic repulsions between the aromatic
rings of the polymeric networks of PBCP and PBFB.
PBAP does not have such type of repulsive interactions,
so exhibits higher intrinsic viscosity values.

FTIR analysis

In the FTIR analysis of synthesized polyphosphazenes
(provided in Fig. 3), important characteristic absorption
peaks around 1293.8 and 1087.9 cm are related to
phosphorous nitrogen bond (-P=N-). For PBFP, the
absorption band at 1421.5 cm® is assigned to C=C
double bond of furan of furfuroxy group. Further,
absorption bands at 2925 & 2957.9 cm? are the
consequence of protons of furan moiety. Also, band at
2885 cm? appears due to methylene protons. The
adamantylmethyl amine substituted polyphosphazene
i.e. PBAP is showing absorption bands at 2885, 2925 &
2957.9 cm? for different methylene and methane
protons of the admantyl ring. Besides this, the
absorption band of N-H bond of amine group of
admantyl amine appears at 3394.5 cm™. In case of
cyanophenol based polyphosphazene, PBCP, absorption
bands at 1461.8 and 1421.4 cm-1 are owing to the C=C
double bond of aromatic group and bands at 2857.9 &
2924 cmt are due to its protons. In addition to this, CN
bond is showing its characteristic band at 2343.5 cm™.
All of these data are indicating the successful
preparation of PBFP, PBAP and PBCP.

PBFP

PBAP

T(%)

B e e B o B e e L
4000 3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cnrlj

Fig. 3. FTIR spectra of synthesized polyphosphazenes.

NMR analysis

The formation of synthesized polyphosphazene
polymer was confirmed by analyzing the H and 3!P
spectra recorded in CDCl; (Fig. 4). The important
features of the *H NMR spectrum of PBFP are singlet
signals at 4.06 ppm which are due to methylene protons
next to oxygen of furfuroxy groups respectively.
Further, two doublet signals (7.69 and 6.38 ppm) and a
quartet (6.48 ppm) are attributed to the methine protons
of furan moiety. In case of *H NMR spectrum of PBAP,
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signals around 0.9, 1.1 and 1.7 ppm correspond to
different C-H protons and signal at 2.6ppm relates to
the methylene protons. The N-H proton is exhibiting its
characteristic peak at 3.45ppm. The *H NMR spectrum
of PBCP is showing signals at 6.7 & 7.0 ppm, which
assigned to the aryl protons. The 3P NMR spectrum of
PBFP, PBAP and PBCP gives sharp signals at -3.2, -13,
15 ppm, respectively, which confirmed that PBFP,
PBAP and PBCP have been successfully synthesized.

| |. i; ﬂu > [ ]$ ’ PBFP

AP A A e AP el

80 70 60 S0 40 30 20 10 ppm 40 30 20 10 0 10 20 ppm

‘ PBCP [~ jPBCP

en
™ by

) s s s s e
0 65 60 55 50 45 40 35 30 25 ppm 00 1% 100 S0 o S0 100 -1%50 -200 -250 ppm

Fig. 4. 'H & 3!P spectra of PBFP, PBAP & PBCP.

XRD analysis of synthesized polyphosphazenes

The wide angle X-Ray diffractograms of synthesized
polyphosphazenes is provided in Fig. 5. All the
measurements were taken at room temperature to
study the crystalline or amorphous nature of
polyphosphazenes. From the Fig. 6, we can see PBCP
and PBFP are exhibiting a diffraction peaks between
15° to 28°, which indicates their crystalline nature. The
crystalline nature of these polymers is due to the
incorporation of rigid aromatic moieties like benzene
and furan. Further, no such types of diffraction peaks
are occurring for PBAP which confirms the amorphous
nature of PBAP.

2.0
— PBCP
—  PBFF
— PBAF
1.5
=2
2
o 1.0
=
=
L= g
0.5 4% b 1kl 1t *‘"
W, |
) il i
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5 10 15 20 25 30 35 40
20

Fig. 5. XRD patterns of the synthesized polyphosphazenes.

Solubility behavior of synthesized polyphosphazenes

Solubility  behavior of all the synthesized
polyphosphazenes was analyzed in different solvents.
One gram of each sample was put into 20 mL of
different solvents and shaken well using magnetic
stirrer. The temperature was increased to enhance their
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miscibility behavior. The results obtained are provided
in Table 1. All the synthesized Polyphosphazenes are
miscible in tetrahydrofuron, N, N-dimethyl formaide,
N, N-dimethyl acetamide, N-methyl pyrrolidone,
chloroform and dimethyl sulfoxide at room temperature
while they are immiscible in benzene and methanol.

Table 1. Solubility* behaviour of polyphosphazenes in various protic
and aprotic solvents®.

Nomenclature

2019, 10(10), 724-730

Table 2. Thermal results of synthesized polyphosphazenes.

Advanced Materials Letters

of poly- THF | DMF [ DMAc |DMSO | NMP | CHCIz | CsH12 [CH3OH
phosphazenes

PBFP + + + + + + _ _

PBAP + + + + + + _ _

PBCP + + + + + + _ _

* Solubility (+) soluble at room temp., (-) insoluble
# THF: Tetrahydrofuron, DMF: N, N-dimethyl formaide, DMAc: N,N-dimethyl
acetamide, NMP: N-methyl pyrrolidone, DMSO: dimethyl sulfoxide.

Thermal analysis

The thermal analysis of all  synthesized
polyphosphazenes was determined using DSC and TGA
for a temperature range -100 to 100°C and room
temperature to 800°C, respectively with heating rate of
10°C/min in inert atmosphere. The results are illustrated
in Fig. 6, 7 (a & b) and Table 2. The DSC scan is
showing glass transition temperature at 3°C, -34°C
and 26°C for PBFP, PBAP and PBCP, respectively.
The decomposition temperature of all synthesized
polyphosphazenes at 5% weight loss exhibits single
step decomposition at temperatures 274, 304 and 350°C
for PBFP, PBAP and PBCP, respectively. The final
decomposition temperatures of 411,472 and 505°C are
also obtained for PBFP, PBAP and PBCP, respectively.
Further, the thermal stability of PBCP is higher than
PBFB owing to the presence of greater number of pie
bonds or structural stability of cyanobenzene ring than
furan. Besides this, the char yields of respective
polyphosphazenes are found in the range from 29 to
42 % at 800°C.

Heat Flow (Wig)
" 1 M
. .
2
8

—71 1 1 1 117" Y Y Y
100 -80 -60 40 20 O 20 40 60 80 100
Temperature (°C)

Fig. 6. DSC overlay curves of synthesized polyphosphazenes.
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Fig. 7. (@) TGA & (b) DTG curve of synthesized polyphosphazenes.
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S. code DSC TGA (°C)
T, (°C) Touat T Char Yield LOI
(%)
PBFP 3 274 411 31 % 311
PBAP 34 304 472 29 % 20.1
PBCP 26 350 505 12 % 343
40 1 1 1 1
35 -
v
5 PBCP
-
10 PBFP L
e}
PBAP
25 1 : - : - . .

Polyphosphazenes

Fig. 8. LOI values of polyphosphazenes (PBAP, PBFP & PBCP).

Limiting Oxygen Index (LOI)

LOI values of the synthesized polyphosphazenes were
estimated using char yield obtained from TGA and the
results are provided in Fig. 8 and Table 3.

LOI=17.5 + 0.40 1)

The LOI wvalues of various synthesized
polyphosphazenes were obtained as 29.1, 31.1 and 34.3
for PBAP, PBFP and PBCP, respectively. Further, LOI
values of each sample calculated by Rheometric oxygen
index instrument were achieved as 28.7, 30.8 and 35.1
for PBAP, PBFP and PBCP, respectively. The values of
calculated as well as experimental LOI values are
nearly same. If we move from PBAP to PBCP via
PBFB, we find that the bond stability of the synthesized
polymers increases due to the incorporation of
considerable amount of double or triple bonds in the
side groups along with the formation of P-N or P-O
bond in place of P-ClI bond in PDCP. The
cyanophenoxy moiety is thermally more stable as
compare to furfuryl group due to presence of
homocyclic ring as well as higher bond order in PBCP
as compare to PBFP. This thermal stability trend is the
reason behind the variation in the LOI values of the
synthesized polyphosphazenes. On comparing the LOI
values of the synthesized polymers with the
classification table of various materials based on their
LOI (provided in Table 3) [44], we found that PBAP,
PBFP and PBCP are self-extinguishing in nature.

Table 3. Classification of materials as flammable or self-
extinguishing in nature on the based on their LOI values [41].

LOI Nature

LOI <20.95 Flammable

LOI =20.95 Marginally stable
21<L0I<28 Slow burning

28 < LOI <100 Self-extinguishing

100 < LOI Intrinsically non-flammable
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UL-94 (Vertical burning) test

UL-94 Test of above polymeric samples was done to
study their flammability behavior. The Ignition
response time (seconds) and ignition relapse time
(seconds) are provided in Table 4 along with the UL-94
rating. Besides this, photograph of tested samples of
UL-94 test is depicted in Fig. 9. During the vertical
burning test, five test bars of each polymeric samples
PBAP, PBFP and PBCP were observed to quench
within 5-8s, 4-6s and 3-5s, respectively, when ignition
was stopped. It indicated that each polymeric sample
were auto-extinguishable in nature. Further, No
dripping was observed due to the structural stability of
the polymeric materials. Hence, all the polymers are
allotted a rating of V-0.

Table 4. UL 94 test values of (PBAP, PBFP & PBCP)
polyphosphazenes.

2019, 10(10), 724-730
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Table 5. Cone calorimetric data of synthesized polyphosphazene

Sample PBAP PBFP PBCP
TTI() 82+9% 80£7% 79£8%
PHRR(KW/m?) | 177.8+11% | 152.1+13% | 126.3+12%
THR(MJ/m?) 36.1+9% 31.2+6% 27.1:7%
FGR (KW/m%) | 2.82 261 252

TSR (m?/m?) 440.13t8% | 326.23t5% | 210£7%
Residue (Wt. %) | 34.6+5% 38.3:6% 44.9+3%

TTI: Time of ignition; PHRR: Peak heat release rate; THR: Total heat release;
FGR: Fire growth rate; TSR: Total smoke release

w00

HRR (kW)
H

i

(@)

R

Iy

)
|
|

Mass (wtth)

THR (Mdim)

)

Materials Ignition Ignition Dripp | UL-
composition | response (sec) | relapse (sec) ing 94
PBAP 37-40 5-8 No V0
PBFP 42-46 4-6 No VO
PBCP 45-50 3-5 No VO
E
PBAP PBFP PBCP

Fig. 9. UL-94 vertical burning images of polyphosphazene samples.
Cone calorimetry

Cone calorimetry was used to study the flame
retardancy of polyphosphazene polymers. Various
parameters like heat release rate (HRR), total heat
release (THR), total smoke release (TSR) and residue
mass or wt% residue are plotted in Fig. 10 and also
provided in Table 5. The heat release rate, mainly peak
heat release rate (PHRR), is one of the essential
parameter to evaluate the fire hazards [45]. The PHRR
values of PBAP, PBFP and PBCP are 177.8, 152.1,
126.3 kW/m?, respectively. The lowest PHRR for
PBCP suggests that it has better flame retardancy than
other two polymers. The THR values of
polyphosphazene polymers shows trend similar to their
PHRR values. The THR values of PBAP, PBFP and
PBCP are 36.1, 31.2 and 27.1 MJ/m?, respectively. The
rise of stability in polyphosphazenes from PBAP to
PBCP due to enhancement of aromaticity is the possible
reason for the decreasing trend in THR values. Further,
the release of non-combustible gases like volatile
phosphide, NHs, N, and CO; during burning process
[46-48] dilute the flammable gases and hence dimish
the concentration of oxygen around the material.

Copyright © VBRI Press
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Fig. 10. Cone calorimetric plots of synthesized polyphosphazenes
(@) HRR (b) THR (c) TSR (d) wt. % residue curves.

Fire growth rate (FGR) was also evaluated by
dividing PHRR value by time to PHRR to estimate the
ignitability of the materials, scale of a fire and
flame spread in developing fire [49]. The FGR values
of PBAP, PBFP and PBCP are 2.82, 2.61 and
2.52 kW/m?s, respectively. It indicates the enhancement
in fire safety of the polyphosphazene polymers due to
increase in bond stability. TSR is also another
important parameter used to measure the production of
smoke during combustion. As shown in Fig. 10 and
Table 5, The TSR value of PBAP, PBFP and PBCP are
440.13, 326.23, 210 m?m? respectively. The
phosphazene backbone in polyphosphazene polymers
allows them to decompose at the early stage of
combustion and stimulate the development of
phosphorus-rich and solid char as a protective layer on
the surface of the polymer. This protective layer
prevents the heat transfer as well as restricts the
formation of combustible gases. Due to this, the
intensity of combustion pyrolysis reaction is suppressed
and hence release of the amount of smoke is less.
Moreover, the wt% residue for PBAP, PBFP and PBCP
are 34.6%, 38.3%, 44.9%, respectively which is in
agreement with the char yield behavior obtained from
TGA analysis.

Water contact angle

The water uptake property of the synthesized
polyphosphazenes i.e. PBAP, PBFP & PBCP is shown
in terms of their water contact angles. It can be seen
from Fig. 11, the water contact angles of PBAP, PBFP
& PBCP are 140.80, 138.50 and 137.70, respectively
which shows that all the synthesized polymers are
hydrophobic in nature or are non-wetted by water
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molecules. A non-polar admantylmethy group in PBAP
is highly bulky which repels water molecules to great
extent and has highest water contact angle value. While
furfuryl group is polar but due to the unavailability of
lone pairs, no hydrogen bonding type interaction is
present in PBFP. In fact, water molecules repel from
the furfuryl group in PBFP. Cyanophenyl group in
PBCP shows some short of hydrogen bonding
interation with water and has least water contact angle
but overall, the aromatic ring shows hydrophobic
interaction with water and hence, PBCP is not wetted
by water molecules.

138.5° PBCP

PBAP 140.8°  PBFP 137.7°

Fig. 11. Water contact angles of polyphosphazenes (PBAP, PBFP &
PBCP).

Conclusion

Various types of thermoplastic polyphosphazenes with
adamantylmethyl amine, furfuroxy and cyanophenoxy
groups in their side chains were successfully
synthesized and their structures were further analyzed
using GPC, FTIR, NMR and XRD analysis. The
molecular weights of synthesized polyphosphazenes
were very high with higher intrinsic viscosity values.
Thermal analysis showed the all synthesized
polyphosphazenes were highly thermal stable with their
final decomposition temperature range from 411 to
505°C. Thermal analysis and combustion properties of
the synthesized polyphosphazenes were evaluated
which showed all the synthesized polymers were
excellent flame retardant materials in nature since their
LOI values exceeded 28% along with UL-94 rating of
V0. PBCP showed lowest values of PHRR, FGR and
TSR along with highest weight % residue due its highly
thermally stable homocyclic aromatic ring. Further, all
the polymers exhibited hydrophobic behavior in water
shown by the water contact angle measurements.
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