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Highly efficient flame retardants for engineering plastics are needed to reduce the deterioration of the
mechanical and other properties of the host polymer. Herein, a novel functionalized polyhedral
oligomeric silsesquioxane (F-POSS) containing phosphorus and nitrogen has been synthesized by the
reaction between N-phenylaminopropyl-POSS and diphenylphosphinic chloride. Untreated POSS and F-
POSS have been respectively mixed with poly(l,4-butylene terephthalate) (PBT) to prepare the
nanocomposites via the melt blending method. PBT/F-POSS shows improved mechanical properties,
thermal stability and thermo-oxidative resistance in comparison with PBT/POSS. F-POSS exhibits a more
significant inhibiting effect on the smoke production of PBT in the early heating stage of smoke density
testing without a flame. In cone calorimeter tests, the peak heat release rate (PHRR), peak smoke
production rate (PSPR), peak carbon dioxide production (PCO,P) and peak carbon monoxide production
(PCOP) of PBT/F-POSS are reduced by 50%, 46%, 45% and 35%, respectively, compared to those of neat

PBT. Residue analysis indicates that more C and O elements are left during the expansion and
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Accepted 19th November 2017 carbonization process in which phosphinic groups of F-POSS can capture the free radicals or

decomposed products produced from PBT to form a stable SiO,C,P, network. The multiple protective
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char layers act as a thermal barrier at the surface of the substrate to reduce the fire, smoke and toxicity

rsc.li/rsc-advances hazards. This work provides a facile and simple way to achieve high-performance PBT nanocomposites.

plastic particularly used in the electrical and electronics
industries.’” The insulated enclosures fabricated based on PBT
resins without flame retardant treatment is ignited easily by
electric spark, short circuit, and other leakage accidents. The
ignitability of PBT-based insulating materials leads to flame
propagation, heat radiation, smoke production and serious
dripping. The generation of thermal and non-thermal hazards
in fire accidents impairs the evacuation of building occupants
and the rescue operations of fire brigades resulting in injuries
and fatalities.

Flame-retardant systems most commonly used in PBT are
composed of halogen-containing additives and antimony
trioxide. Unfortunately, most of halogenated compounds are

Introduction

The demand for various polymers applied in infrastructure
construction, civil facilities, and other engineering and tech-
nology fields is increasing annually with population growth and
economic development. Engineering plastics exhibit superior
heat resistance, mechanical strength, rigidity and chemical
stability, and hence they are widely applied in construction,
automobiles, electronic devices and offshore structures.
Poly(1,4-butylene terephthalate) (PBT) is a typical engineering
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gradually banned in many countries resulting from the adverse
effects to human health and environment due to the toxicity
and corrosive nature of the pyrolytic halogenated species.
Recently, aluminium phosphinate and aluminium hypo-
phosphite with similar molecular structure and relatively high
oxidation state of P atom have proven to be particularly effective
in PBT.*® They play a dominant role of gas-phase action leading
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to flame inhibition. Although the condensed-phase residues
composed of aluminium phosphates and few carbon char are
induced, they are not able to serve as an efficient insulating
barrier to reduce the exposure of polymer matrix to an external
heat source and as well inhibit the flammable gases from
feeding the flame.

Plenty of research achievements have demonstrated that
nano-additives, including nanoclay, carbon nanotubes, gra-
phene, layered double hydroxides, graphitic carbon nitride,
hexagonal boron nitride, and polyhedral oligomeric silses-
quioxanes (POSS), can significantly reduce the flammability
properties of polymers with the addition of very small load-
ings.>*'**¢ Only few nano-additives, e.g. nano-clay,>*''*® and
graphene have been explored to improve the flame retardancy
of PBT, as well as other properties. In comparison with the other
nanoparticles, POSS has a unique advantage of organic-inor-
ganic hybrids with nanoscale three-dimensional, cage-shaped
structure that can be homogeneously incorporated into
almost all kinds of thermoplastic or thermoset polymers
through facile processing methods.***** Cubic octamer POSS
has a general molecular formula (RSiO; 5)s composed of a well-
defined silica-like inorganic core surrounded by eight organic
groups, such as alkyl, aryl, epoxy group, and organo-functional
derivatives.”*** A variety of reactive peripheral groups in POSS
can be particularly grafted with many functional organics, to
improve the mechanical and thermal properties as well as flame
retardancy of polymer nanocomposites.'®*****” POSS reacted
with phosphorus-based compounds is regarded as an effective
and facile method to improve the inherent flame retardant
properties. Phosphorus-containing POSS nanoparticles or
clusters with relatively high oxidation state of phosphorus have
been effective for reducing the flammability of polycarbonate
and epoxy resins (ERs) in terms of rapid swelling, accumulation
of pyrolysis gases in the condensed phase, and fast char-
ring.'***?%*” Zhang et al.*® prepared a 9,10-dihydro-9-oxa-10-
phosphaphenanthrene-10-oxide based POSS (DOPO-POSS)
which remarkably reduced the fire hazards of ERs through
a blowing-out extinguishing effect. Qi et al.*” investigated the
fire retardant efficiency of three phosphorus-containing POSSs
with different oxidation states of P atom on ER. They found that
the addition of P-based POSS with lower oxidation state could
form more C and O elements in the chars through the syner-
gistic effect between phosphorus and silicon.

In order to further improve the flame retardant efficiency of
functionalized POSS, a phosphorus-nitrogen-containing POSS
with low oxidation state of phosphorus was designed and
synthesized in the current work. Diphenylphosphinic chloride
(DPP-Cl) was reacted with N-phenylaminopropyl-POSS to
prepare a novel phosphorus—nitrogen-containing POSS, which
was then incorporated into PBT to prepare nanocomposites
through a melt blending method. The objective of this work was
to study the effect of the novel POSS on the mechanical, thermal
stability, and flame retardant properties of PBT by means of
universal testing machine, thermogravimetric analysis (TGA),
cone calorimeter, and smoke density chamber. Furthermore, to
reveal how the structure of char influences the suppression
properties of fire, smoke, and toxicity hazards, the
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nanocomposite residues collected after cone calorimeter testing
were studied by scanning electron microscopy (SEM) coupled
with energy dispersive X-ray (EDX) analyzer.

Experimental

Materials

Poly(1,4-butylene terephthalate) (PBT, B4500) was provided by
BASF Chemical Company, Germany. N-Phenylaminopropyl-
POSS (NPAP-POSS, AM0281) with a molecular formula (Co-
H;,N),(SiO1.5), (n = 8, 10 and 12) was obtained from Hybrid
Plastics™. The structure of NPAP-POSS was illustrated in
Fig. 1. Diphenylphosphinic chloride (DPP-Cl, 98%), triethyl-
amine (TEA, 99.5%), and tetrahydrofuran (THF, 99.9%) were
all obtained from the Aladdin Reagent Co. Ltd., China. THF
and TEA were dried over 0.4 nm molecular sieves before use.
Other reagents were used as-received without further
purification.

Synthesis of phosphorus-nitrogen-containing functionalized
POSS

The reaction process for phosphorus-nitrogen-containing
functionalized POSS is illustrated in Fig. 1. NPAP-POSS
(1.49 g, 1.0 mmol) and TEA (0.81 g, 8.0 mmol) were dissolved
in dry THF (100 mL) in a three-neck flask cooled in an ice bath
under dry nitrogen condition. DPP-CI (1.89 g, 8.0 mmol) dis-
solved in dry THF (20 mL) was placed in a constant pressure
dropping funnel and then added dropwise into the mixed
solution. The solution was stirred with a magnetic stirrer in an
ice-water bath for 1 h under dry nitrogen condition, and then
kept at room temperature for 12 h. When the reaction
completed, the solvent was removed through a rotary evapo-
rator. The residual solid was dissolved in ethyl acetate (EA) and
washed using saturated NaHCO; solution for three times. The
organic phase was dried over anhydrous magnesium sulfate
and concentrated via a rotary evaporator. The residue was
purified chromatographically (EA-CH,Cl,, 1:3). The phos-
phorus, nitrogen and silicon contents are 8.03 wt%, 3.62 wt%
and 7.25 wt%, respectively. The final product N-diphenylphos-
phoryl-N-phenylaminopropyl POSS was abbreviated as
functionalized-POSS (F-POSS), and NPAP-POSS was designated
as POSS in this study.
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Fig. 1 Schematic representation of the synthesis route for F-POSS.
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Preparation of PBT/functionalized POSS nanocomposites

PBT, POSS, and F-POSS were continuously dried at 80 °C for
12 h. In a typical melt blending experiment, 2.5 g of POSS or F-
POSS was blended with 47.5 g of PBT to prepare the nano-
composites using a XK-160 twin-roll mill (Jiangsu, China) at
235 °C under a constant rotation speed of 100 rpm for approx-
imately 10 min. Subsequently, the mixtures were then molded
through a hot press at 245 °C to obtain the samples for further
measurements. The prepared nanocomposites in this work
were designated as PBT/POSS and PBT/F-POSS with the same
concentration (5 wt%).

Characterizations and measurements

The microstructure and chemical composition of F-POSS
were characterized by nuclear magnetic resonance (NMR)
and Fourier transform infrared spectroscopy (FTIR). 'H- and
3'P-NMR spectra were recorded on a Bruker Avance NMR
spectrometer (400 MHz). CDCl; was used as the solvent. FTIR
spectra were recorded on a FTIR spectrophotometer (Nico-
let 6700). Thermal decomposition behaviors were performed
on a Q5000 IR TGA (TA Instruments). The specimens were
heated from 25 °C to 700 °C at a rate of 20 °C min in N,
atmosphere.

Tensile properties of neat PBT and its nanocomposites
were evaluated by a WD-20D universal testing machine
according to the standard ASTM D-638. The width and thick-
ness of specimens were 4.0 £ 0.1 mm and 2.0 + 0.1 mm,
respectively. The crosshead speed was set as 20 mm min .
Five runs for each sample were measured, and the average
value was reported.

Thermal decomposition and thermo-oxidative degradation
behaviors of neat PBT and its nanocomposites were performed
on a Q5000 IR TGA (TA Instruments). The specimens were
heated from 25 °C to 700 °C at a rate of 20 °C min in N, or air
atmosphere. The sample mass was in the range of 5-10 mg.

The flame retardant properties of neat PBT and its nano-
composites were studied using a FTT cone calorimeter (UK) on
the basis of the standard ISO 5660-1. The sample size was 100 x
100 x 3.0 mm?®. All samples were wrapped by a layer of
aluminum foil. They were then horizontally irradiated under
a heat flux of 50 kW m 2. Smoke evolution properties of neat
PBT and its nanocomposites were determined by a smoke
density chamber (JQMY-2, Jiangiao Co., China) complying with
NBS specifications under smoldering conditions. This experi-
ment was performed according to the ISO 5659-2 (2006). Each
specimen with dimensions of 75 x 75 x 3.0 mm? were wrapped
in aluminum foil and exposed horizontally to an external heat
flux of 25 kW m ™2 without a pilot flame.

Some residues collected in the cone calorimeter tests were
analyzed by means of the SEM coupled with an EDX analyzer.
The SEM micrographs were obtained with a Hitachi SU8010
SEM (Japan) at an accelerating voltage of 10 kV. The specimens
were sputter-coated with a conductive layer. The surface
elements achieved from EDX were performed on an EMAX
energy spectroscopy (HORIBA, Ltd., Japan).

This journal is © The Royal Society of Chemistry 2017
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Results and discussion
Characterizations of POSS and F-POSS

The "H-NMR spectra of POSS and F-POSS are shown in Fig. 2(a).
In the spectrum of POSS, the signals at 0.57-0.81 ppm (H,),
1.58-1.80 ppm (Hy), and 2.91-3.20 ppm (H,) correspond to H
atoms of -Si-CH,-, -CH,-, and -CH,-NH- groups between Si
and N atoms, respectively. The broad peak at 3.55 ppm (Hg) is
ascribed to the secondary amino proton of POSS.*® The signals
at 6.45-6.67 (Hy), 6.69-6.85 (Hy) and 7.11-7.34 (H.) ppm are
attributed to H atoms of the benzene ring. For the spectrum of
F-POSS, the broadened peak at 3.55 ppm disappears. The
signals at 0.48-0.79 ppm (H,), 1.54-1.81 ppm (Hy), and 2.85-
3.18 ppm (H,) are ascribed to H atoms of -Si-CH,-, -CH,—, and
—-CH,-NH- groups between Si and N atoms, respectively. The
signals at 6.47-6.67 ppm (H,), 6.68-6.83 ppm (Hy) and 7.05-
7.22 ppm (H.) are attributed to H atoms of the benzene ring,
which is covalently bonded with N atom. These lower chemical
shifts are assigned to the negative induction effect of P=0
double bond. The new signals at 7.22-7.33 ppm (Hj), 7.34-
7.45 ppm (H;) and 7.71-7.93 ppm (Hy,) are attributed to H atoms
of the benzene ring, which is covalently bonded with P atom.
These chemical shifts are respectively lower than those in DPP-
Cl (Fig. S1t), because of the negative induction effect of amino
group.

The *'P-NMR spectra of DPP-Cl and F-POSS are shown in
Fig. 2(b). The *'P-NMR spectrum of DPP-CI shows a strong and
sharp peak at 44.8 ppm which shifts to 21.2 ppm for F-POSS,
because the electronegativity of Cl atom is higher than that
of N atom. These results indicate that the Cl atom in P-Cl group
is replaced by N atom of POSS in nucleophilic-substitution
reaction.

The FTIR spectra of POSS and F-POSS are shown in Fig. 2(c).
In the FTIR spectrum of POSS, the absorption band at
3410 cm™ ' is attributed to the N-H stretching vibration.?** The
bands at 2802-2995 cm™ " and 1350-1472 cm ™' represented by
gray area in Fig. 2(c) are assigned to the C-H stretching and
bending vibration in methylene groups, respectively. The strong
absorption band at 1097 cm ™! corresponds to Si-O-C stretching
vibration.** In the FTIR spectrum of F-POSS, the absorption
band at 3410 cm™ ' becomes weak. The bands at 3025 and
798 cm ' correspond to the C-H stretching and bending
vibration of the benzene ring, respectively. In addition, the
peaks at 1504 and 1601 cm ' are ascribed to the C=C
stretching vibration of the benzene ring. The new peaks at 1250
and 1023 cm ' respectively correspond to P=0 and P-N
stretching vibration.””*>** The appearance of P=0O and P-N
absorption bands in combination with the reduction of N-H
absorption band show that the CI atom in DPP-CI is replaced
by N atom of POSS in nucleophilic-substitution reaction with
the elimination of HCI. Based on the 'H-NMR, *'P-NMR, and
FTIR analysis results, it can be concluded that F-POSS has been
successfully synthesized.

The thermal decomposition behaviors of POSS and F-POSS
under nitrogen condition are presented in Fig. 2(d). The
thermal decomposition of POSS begins at 397 °C (T_sq,) with

RSC Adv., 2017, 7, 54021-54030 | 54023
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Fig. 2 Characterizations of POSS and F-POSS: (a) H-NMR spectra; (b) **P-NMR spectra; (c) FTIR spectra; (d) thermal decomposition curves.

a 29.4 wt% residue left at 700 °C. The good thermal stability of
POSS shows that the peripheral organic groups in POSS are
thermally stable. The pyrolytic decomposition to the partial loss
of the organic substituents of POSS follows by the formation of
SiO,C, networks in the final residue.*®*® The T_s,, value of F-
POSS is 347 °C. The reduced thermal decomposition tempera-
ture may be attributed to the introduction of the phosphoryl
groups. The final weight of F-POSS at 700 °C is 22.1%, which is
lower than that of POSS. This indicates that the diphenylphos-
phinic groups are grafted in POSS. The increasing organic
groups in F-POSS lead to a mass loss during the thermal
decomposition process.

Mechanical properties

The mechanical properties of neat PBT and its nanocomposites
were studied through their tensile properties, as shown in
Fig. 3. The corresponding data are summarized in Table S1.}
From the stress-strain curves (Fig. 3), it is observed that both
the incorporation of POSS and F-POSS nanoparticles into PBT
enhance the tensile strength at the expense of the elongation at
break. PBT/F-POSS shows a 12% increase in tensile strength of
55.6 MPa relative to neat PBT. The improved tensile properties
of PBT/F-POSS nanocomposites is attributed to the better
dispersion of F-POSS in PBT matrix compared to POSS.
Morphological analysis (seeing in ESIT) reveals that F-POSS is
evenly dispersed in PBT, which is favorable to the load transfer
from PBT matrix to the hard inorganic core of F-POSS nano-
particles. As shown in Fig. 3 and Table S1,t the elongation at
break values for the PBT nanocomposites decrease with the

54024 | RSC Adv., 2017, 7, 54021-54030

introduction of POSS and F-POSS nanoparticles (neat PBT >
PBT/POSS > PBT/F-POSS), whiles the tensile strength values
show an inverse trend. PBT nanocomposites become brittle in
comparison with neat PBT, because of the increased stiffness of
the PBT nanocomposites. On the other hand, the continuity of
PBT matrix is destroyed due to the presence of POSS and F-POSS
nanoparticles. As a result, the elongation at break values of PBT/
POSS and PBT/F-POSS are reduced.

Thermal decomposition behaviors

The thermal decomposition behaviors of neat PBT and its
nanocomposites are presented in Fig. 4, and the corresponding

60
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0  § 1 1 1 1 1 1 1 1
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Fig. 3 Tensile stress—strain curves of neat PBT, PBT/POSS, and PBT/F-
POSS.
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Fig. 4 Mass loss and mass loss rate curves of neat PBT, PBT/POSS and PBT/F-POSS: (a and b) under nitrogen condition; (c and d) under air

condition.

data are listed in Table S2.1 From Fig. 4(a), it can be seen that
the thermal degradation behavior of each sample exhibits
a single stage decomposition under nitrogen atmosphere. In
the case of neat PBT, more than 97% mass loss occurred with
a meagre 2.7 wt% residue left at 700 °C. During the thermal
degradation, the main volatiles, including butadiene, carbon
dioxide, tetrahydrofuran, benzoic acid and ester derivatives, are
released, leaving a few solid residues with acidic and anhydride
structures.® The incorporation of POSS and F-POSS lead to the
improvement in thermal stability and char yields of PBT and
a more significant effect is observed for the PBT/F-POSS
composite. For example, the T_sq, value increases from 367 °C
for virgin PBT to 380 °C and 382 °C respectively for PBT/POSS
and PBT/F-POSS. The T, value improves from 408 °C for
neat PBT to 414 °C and 416 °C respectively for PBT/POSS and
PBT/F-POSS. Because of the good thermal stability and the cage-
like structure of POSS nanoparticles, the inorganic POSS
(RSiO; 5),, delays the flame propagation and heat transfer along
the nanocages.’”*® As a result, the thermal stability of PBT is
improved significantly by the introduction of POSS and F-POSS.
PBT/F-POSS has a high residual weight (6.7 wt%), more than
that of PBT/POSS (4.9 wt%), as shown in Fig. 4(a) and Table S2.}
The improved residue yield of PBT/POSS is attributed to the
SiO,C, solid residue decomposed from POSS. The higher
residual weight of PBT/F-POSS implies that the incorporating
functionalized POSS with phosphinic groups effectively
promotes the char formation. From Fig. 4(b), it is observed that
the addition of POSS increases the maximum mass loss rates
(MMLR) slightly. On the contrary, the incorporation of F-POSS
decreases the MMLR value. This phenomenon indicates that

This journal is © The Royal Society of Chemistry 2017

F-POSS could participate and accelerate the cross-linking reac-
tion of the decomposed products formed in the condensed
phase, which is beneficial to enhancing the strength and
thermal stability of the char layer.>**” Additionally, the good
dispersion of F-POSS in PBT matrix can effectively retard the
thermal decomposition of PBT macromolecular chains, result-
ing in further enhancement in the thermal stability and residue
yields of PBT/F-POSS.

Thermo-oxidative degradation behaviors

The thermo-oxidative degradation behaviors of virgin PBT and
its nanocomposites was measured by TGA under air condition.
Fig. 4(c and d) shows the thermo-oxidative degradation curves
of each sample. The corresponding data are also listed in Table
S2.T The thermo-oxidative degradation behaviors of PBT and its
nanocomposites are different from their thermal decomposi-
tion curves in nitrogen atmosphere. All the degradation
behaviors of neat PBT and its nanocomposites are characterized
by two steps: PBT chains decompose and initial residues are
formed in the first step; the second step is attributed to the slow
oxidation degradation of the unstable residues.**** For the first-
step degradation, the 92% mass loss in the temperature range
of 350-430 °C is attributed to the release of benzoic acid,
butadiene, anhydrides, alcohols, carbon dioxide, ester deri-
vates, aromatic and aliphatic acids.*>** The mass loss in the first
step is not greatly influenced by the introduction of POSS and
F-POSS based on similar degradation curve and initial decom-
position temperature (T_so,). However, the addition of POSS or
F-POSS promotes an increase in the degradation temperature in

RSC Adv., 2017, 7, 54021-54030 | 54025
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the range of 440-600 °C. For example, the Ty, values of the
nanocomposites shift to higher temperatures when POSS or
F-POSS are added (ATjax1 = 16, +12 °C; and ATpax = +26,
+53 °C). This increase is probably attributed to the portions of
the structure in the inorganic core of POSS, which can promote
a delay in heat transfer along the nanocages.*”*® In the range of
500-700 °C, the residue yields for the nanocomposites are
increased. PBT/F-POSS exhibits much slower thermo-oxidative
degradation behavior and higher residue yields in the high
temperature region. Additionally, the MLR curve of PBT/F-POSS
shows lower MMLR values at both degradation stages in
Fig. 4(d), indicating the better oxidation resistance. In the re-
ported study,” P-based POSS with lower oxidation state can
maintain more C and O elements in the carbonization process.
In the current work, the phosphinic groups in F-POSS reacts
with oxygen to form phosphate derivatives, which can catalyze
decomposed products of PBT carbonization to produce stable
char layers which act as a physical barrier to reduce the amount
of oxygen available for the oxidation of underlying carbon char,
resulting in the improved oxidation resistance in high temper-
ature region.

Flame retardant properties

Flame retardant properties of PBT and its nanocomposites were
investigated by cone calorimeter under a forced combustion. The
fire, toxicity, and smoke hazard parameters, including heat
release rate (HRR), total heat release (THR), CO production
(COP), CO, production (CO,P), smoke production rate (SPR), and
total smoke production (TSP) were obtained from cone calo-
rimeter tests at a heat flux of 50 kW m~>. The HRR and THR
curves of neat PBT and its nanocomposites are shown in Fig. 5(a
and b). The related data are summarized in Table S3.7 Neat PBT
burns at 52 s (fign value) with a high PHRR value (1104 kW m ),
and a HRR-peak appears at 150 s (¢, value). Although the incor-
poration of POSS into PBT improves the tj,,, and ¢, values (Atig, =
+15 s; At, = +30 s), the effect on HRR curves is limited. The HRR
shape of PBT/POSS is similar to that of neat PBT as well as the
PHRR and THR values. The delayed ¢, and ¢, are attributed to
the ceramization process involving polysilsesquioxanes migra-
tion on the surface to inhibit the heat radiation and mass
transfer in the early stage of forced combustion.** The continu-
ously elevated temperature results in the destruction of protec-
tive ceramic layer. The rate of mass loss is accelerated leading to
the increased HRR. The introduction of F-POSS into PBT also
brings an increase in t,, compared to neat PBT (Atjy, = +8 s).
After ignition, the HRR increases rapidly with a significant
reduction in flame propagation leading to a flat peak from 175 s
to 200 s. It reaches to the peak at 210 s (At, = +60 s). PHRR
decreases from 1104 kW m™2 for pure PBT to 556 kW m™? for
PBT/F-POSS with a significant reduction of ca. 50%. From
Fig. 5(b) and Table S3,7 it is seen that PBT/F-POSS has the lowest
THR, which is reduced from 65.2 MJ m ™ for pure PBT to 62.7 MJ
m~? with a reduction of ca. 4%. The results show that the
introduction of F-POSS inhibits the heat release rate through
rapid swelling, capture effect of phosphoric radicals and phos-
phorus-nitrogen-silicon ternary synergistic effect.****
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In the toxic gases produced from the burning polymers, CO,
and CO are the main culprit represented by their asphyxiant for
the fatality in a real fire. The CO, and CO production profiles of
virgin PBT and its nanocomposites are showed in Fig. 5(c and
d). The corresponding parameters are listed in Table S3.} In the
CO,P and COP curves of neat PBT, both CO, and CO emitted
from samples increase significantly after the ignition at 52 s,
because the CO,, CO, and smoke increase as flames appear on
materials.*® The introduction of POSS delays the PCO,P and
PCOP, but the peak values are not fundamentally affected. The
incorporation of F-POSS further delays the PCO,P and PCOP as
well as ensuring a significant reduction in PCO,P and PCOP
values of PBT. In comparison with neat PBT, the PCO,P and
PCOP values for PBT/F-POSS are reduced by nearly 45% and
35%, respectively. It indicates that the incorporation of F-POSS
remarkably inhibits the release of CO, and CO. The significant
reduction of CO, and CO contributes to the dilution of flam-
mable gases and the reduction of toxic volatile products in the
flaming process, which is quite beneficial for fire safety.'>***
The possible flame retardant mechanism will be discussed in
the next section according to residue analysis.

Smoke and smoke particulates produced in a real fire is the
primary obstacle for personnel evacuation.**** The reduction of
the smoke production during burning is quite important to
extend the time for evacuating and rescuing. In order to eval-
uate the smoke evolution properties of PBT and its nano-
composites, cone calorimeter and smoke density chamber tests
were performed. Fig. 5(e and f) respectively shows the SPR and
TSP curves of neat PBT and its nanocomposites obtained from
cone calorimeter tests at a heat flux of 50 kW m™>. The corre-
sponding data are listed in Table S3. Neat PBT has high peak
SPR (PSPR) and TSP values. The addition of POSS into PBT
delays the smoke production time (Atpspr = +35 s) due to the
rapid swelling and accumulation of POSSs moieties on the
surface of the underlying matrix.”” The incorporation of F-POSS
further delays the smoke production (Atpspr = +65 s) and
significantly reduces the PSPR value. PBT/F-POSS composite
records an approximate 46% reduction in PSPR. The results
indicate that F-POSS can function as effective smoke suppres-
sant due to its ability to capture phosphoric radicals and the
phosphorus-nitrogen-silicon ternary synergistic effect.****

Smoke density chamber testing can give detailed informa-
tion about the smoke production.>*® The smoke density value
negatively correlates with luminous flux according to ISO 5659-
2. The luminous flux curves of neat PBT and its nanocomposites
without flame are exhibited in Fig. 6. The changes in smoke
evolution for the three samples are in agreement with SPR and
TSP curves obtained from cone calorimeter tests. In the case of
neat PBT, the luminous flux rapidly decreases in the first 200 s.
The luminous flux value is 19.0% at 150 s, but reduces to 2.9%
at 200 s, suggesting that lots of smoke are produced in the first
200 s. When POSS is added into PBT, the rate of smoke
production is reduced. The luminous flux value of PBT/POSS is
46.9% at 150 s, but decreases further to 17.9% at 200 s. The
results suggest that the introduction of POSS inhibits smoke
production in the initial stage of heat radiation. This
phenomenon is attributed to the ceramization process

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Luminous flux curves of neat PBT, PBT/POSS and PBT/F-POSS
in the smoke density testing at 25 kW m~2 without flame.

involving polysilsesquioxanes migration on the surface to retard
the thermal radiation and mass transfer.** The incorporation of
F-POSS into PBT further reduces the smoke production rate.

This journal is © The Royal Society of Chemistry 2017

Initially, the luminous flux value of PBT/F-POSS is 59.0% at
150 s, but decreases to 30.9% at 200 s, indicating that the
release of smoke is strongly retarded by the phosphorus-
nitrogen-silicon ternary synergistic effect in the early stage of
thermal radiation.”** Although the addition of POSS and
F-POSS can not reduce the smoke production after 400 s, the
inhibited smoke production in the early stage of heat radiation
is very important for human escape and rescue.

Flame retardant mechanism

The improved flame retardant properties of PBT/F-POSS nano-
composites are probably attributed to good carbonization and
ceramization effect. From the TGA results, it has been
concluded that POSS and F-POSS improve the char formation
and inhibit the degradation of PBT. PBT/F-POSS shows more
significant carbonization effect, which is in good agreement
with its higher residual yield (8.2 wt%) in cone calorimeter
testing. Fig. S31 shows the digital photographs of the residues

RSC Adv., 2017, 7, 54021-54030 | 54027
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for PBT/POSS and PBT/F-POSS after cone calorimeter tests. It is
observed that lots of char yields for the two nanocomposites are
left. In order to understand the flame retardant mechanism, the
characteristics of these residues were studied by SEM coupled
with EDX analyzer. Fig. S41 displays the SEM images of the
outer residues for PBT/POSS and PBT/F-POSS in low magnifi-
cation (x200). There are many particles distributed on the
surface of the two residues. In high magnification SEM images
(Fig. 7), it is clearly seen that the size of these particles for PBT/
POSS and PBT/F-POSS are nanoscale, which are interconnected
to form a network. The nanoparticle morphology for PBT/F-
POSS is more homogeneous than that for PBT/POSS. The EDX
results of outer residues for PBT/POSS (Fig. S5T) show that the
nanoparticles are primarily composed of C, O, and Si elements
(element content: C > Si > O). It indicates that charring reaction
occurs in the burning process of PBT/POSS leading to the
formation of SiO,C, nanoparticles which rapidly migrate to the
surface to yield a charred ceramic network leading to the
retarded heat release.***® In the EDX results of outer residues for
PBT/F-POSS (Fig. S671), P element is detected (element content:
C > O > Si > P), and both the contents of C and O elements are
more than those for PBT/POSS. It illustrates that the phosphinic
groups in F-POSS firstly reacts with oxygen to form phosphate
derivatives. They capture the free radicals or decomposed
products of PBT to produce the stable SiO,C,P, network.
Therefore, more C and O elements are remained in the
carbonization process, which is consistent with the reported
study.”” The improved C and O concentrations greatly
contribute to the reduction of HRR, CO, and CO production as
well as smoke emission.

The SEM images of inner residues for PBT/POSS are shown
in Fig. 8 and S7.7 Lots of bubbles are seen in the inner surface of
the residues suggesting that the sample expands when it is
heated in the cone calorimeter test (Fig. S71). The expansion is

54028 | RSC Adv., 2017, 7, 54021-54030
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possibly attributed to the decomposition of POSS in which the
nonflammable nitrogen oxide gases and silicon oxides are
formed and migrate to the burning area. The rapid intumescent
effect limits the heat and mass transfer during the initial stage
of the burning process for PBT/POSS.*”** Therefore, the t;g, and
t, values are remarkably improved, and the HRR is inhibited in
the early stage. The EDX results of the inner residues for PBT/
POSS (Fig. S81) shows that the inner residues are mainly
composed of C, O, and Si elements (element content: Si > O > C).
The extremely low C element content leads to the formation of
unstable ceramified char. It can be easily destroyed by the
continuous heat radiation resulting in the increasing HRR as
well as CO,, CO, and smoke production. The inner char resi-
dues for PBT/F-POSS are different from PBT/POSS. As shown in
Fig. 8(c), there are no bubbles in the residues. Many inhomog-
enous holes are observed. In the high magnification SEM image
(x30 000) (Fig. 8(d)), many nanoparticles are distributed on the
surface of the inner char. Fig. S9 shows the SEM image of the
inner char for PBT/F-POSS in higher magnification (x60 000). It
is clearly seen that the nanoparticles are homogenous with the
size of 20-50 nm, which should be silicon-containing oxides.
The EDX results of inner residues for PBT/F-POSS (Fig. S107)
shows that the inner chars are composed of C, O, Si, and P
elements (element content: C > Si > O > P). The proportion of C
element is much higher than that for PBT/POSS, indicating the
formation of additional char residues in the intumescent
process owing to the catalysis carbonization effect of phos-
phinic groups in F-POSS. Additionally, plenty of nanoparticles
are embedded in the inner char layer to form a stable barrier
which can effectively reduce the exposure of polymer matrix to
an external heat source as well as retard the flammable gases to
feed flame. The combined action of carbonization and ceram-
ization contributes to the significant reduction of fire, smoke,
and toxicity hazards in PBT/F-POSS nanocomposite.

Fig. 7 SEM images of the outer residues after cone calorimeter testing: (a and b) PBT/POSS; (c and d) PBT/F-POSS.

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 SEM images of the inner residues after cone calorimeter testing:

Conclusions

In this work, F-POSS containing phosphorus and nitrogen
elements was synthesized by the reaction between N-
phenylaminopropyl-POSS and DPP-Cl. Untreated POSS and F-
POSS were respectively mixed with PBT to prepare the nano-
composites via a melt blending method. PBT/F-POSS has
superior mechanical properties, thermal stability and thermo-
oxidative resistance in comparison with PBT/POSS. F-POSS
exhibits more significant inhibiting effect on the smoke
production of PBT in the early heating stage of smoke density
chamber testing without flame. Cone calorimeter testing results
illustrate that the incorporation of F-POSS to PBT significantly
reduces the PHRR, PSPR, PCO,P and PCOP. Residue analysis
indicates that more C and O atoms are remained during the
expansion and carbonization process in which phosphinic
groups of F-POSS can capture the free radicals or decomposed
products of PBT to produce stable SiO,C,P, network. The
multiple protective char layers caused by the carbonization and
ceramization effects acted as a thermal barrier on the surface of
the substrate, limiting heat and mass transfer, leading to the
significant reduction of fire, smoke, and toxicity hazards.
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