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A sulfathiazole derivative with phosphaphenanthrene group (STZ) was successfully synthesized by
covalently bonding DOPO and imine intermediate obtained from the condensation of sulfathiazole with
p-hydroxybenzaldehyde. Its effect on the thermal, flame-retardant and mechanical properties of epoxy
thermosets were comprehensively studied. The presence of STZ decreased the initial degradation tem-
perature and glass transition temperature (Tg) of epoxy thermoset. STZ significantly improved the flame
retardancy and fire safety of epoxy thermoset. With the addition of only 4 wt% STZ, the modified epoxy
thermoset achieved an LOI value of 29.1% and V-0 rating in UL-94 test. Moreover, the peak heat release
rate (PHRR) and total heat release (THR) in cone calorimeter test were decreased by 34.4% and 32.1% in
comparison with those of pure epoxy thermoset. STZ showed high flame-retardant activity not only by
releasing nonflammable gases and phosphorous radicals in the gas phase, but also by promoting the
formation of dense and intumescent char layer with honeycomb-like hollow structure inside in the
condensed phase. Because of the strong intermolecular action between STZ and epoxy macromolecular
chain, the presence of STZ increased the tensile strength, while decreased the elongation at break of

epoxy thermoset.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Epoxy resins, as a prominent class of the most important ther-
mosetting polymers, have found a variety of applications such as
coatings, adhesives, electronics, electrical appliances and high
performance composites because of their superior adhesion,
chemical resistance, mechanical and dielectric properties [1,2].
Although epoxy resins possess so many excellent performance,
their applications are still limited by high flammability and the
release of a large amount of toxic gases and smoke during com-
bustion [3]. To broaden their applications, it is imperative to
improve the flame retardancy of epoxy resins by introducing flame
retardants. Halogenated compounds were widely used to improve
the flame retardancy of epoxy resins in the past. However, their use
will result in a series of environment concerns as they produce
poisonous and corrosive smoke during combustion [4,5]. To meet
the requirement of environment-friendly principle, developing
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halogen-free flame retardants for epoxy resins has attracted
increasing extensive attention [6].

Phosphorous compounds, due to their high efficiency, low
production of corrosive and toxic gases during combustion, have
been widely applied as environment-friendly halogen-free flame
retardants for epoxy resins. They could exert flame-retardant effect
either in the gas phase by scavenging active radicals to interrupt the
combustion reaction, or in the condensed phase by altering the
decomposition pathway of matrix and promoting the char forma-
tion [7]. As a prominent intermediate of phosphorous flame re-
tardants, 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) has received a great deal of attention because of its high
thermal stability, oxidation resistance, flame-retardant efficiency
and multiple structural diversification by functionalization [8,9].
With active P—H bond in the structure, it could react with
numerous electron-deficient compounds to construct DOPO de-
rivatives with phosphorus- [6,10], nitrogen- [11,12], silicon- [13,14],
and sulfur-containing groups [15], which have remarkably
improved the flame retardancy of epoxy resins based on the syn-
ergism of flame-retardant groups.

Thiazole ring, as part of diverse five-membered heterocycles,
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has exerted a variety of roles in the lead identification and opti-
mization, including as pharmacophoric group, bioisosteric element
and spacer [16]. With nitrogen and sulfur elements, it shows an
enormous potential in constructing highly efficient flame re-
tardants. Recently, Ishida et al. reported a series of nonflammable
functional benzoxazine resins with thiazole ring in their backbones.
They all showed no ignition in UL-94 test and ultralow heat release
capacity in microscale combustion calorimetry test [17]. Jian et al.
reported a series of P/N/S-containing flame retardants with thiazole
ring and phosphaphenanthrene or phosphamide group, which
showed highly efficient flame-retardant activity both in the
condensed and gas phases due to the synergism between thiazole
ring and phosphorous group [18—20].

As one of the compounds containing thiazole ring, sulfathiazole
possesses additional sulphone and amino groups, which make it
possible to synthesize thiazole derivative with multiple flame-
retardant elements by functionalization. Considering the syner-
gism between phosphaphenanthrene and sulfur-containing group
as demonstrated previously, it is reasonable to believe that the
sulfathiazole derivative with phosphaphenanthrene group will
show highly efficient flame-retardant activity for epoxy resin. Un-
fortunately, its synthesis, flame-retardant effect and mechanism on
epoxy resin have rarely been reported in published literatures.

In this work, a sulfathiazole derivative with phosphaphenan-
threne group (STZ) was synthesized by covalently bonding DOPO
and imine intermediate obtained from the condensation of sulfa-
thiazole with p-hydroxybenzaldehyde. With flame-retardant DOPO
group and sulfathiazole moiety in the structure, STZ was employed
to remarkably improve the flame retardancy and fire safety of
epoxy resin. The effect of STZ on the thermal, flame-retardant and
mechanical properties of epoxy thermosets were comprehensively
studied. Moreover, the flame-retardant mechanism was particu-
larly investigated by analyzing the pyrolysis and thermal-oxidative
degradation products of STZ, the combustion behaviors of epoxy
thermosets and the morphologies and structures of char residues.

2. Experimental
2.1. Materials

Tetraglycidyl diamino diphenyl methane epoxy resin (TGDDM,
commercial name: JD919) with an epoxide equivalent weight of
about 115 g/eq was purchased from Hunan Jiashengde Materials
Technology Co., Ltd. DOPO was kindly provided by Jiangyin Han-
feng Technology Co., Ltd. Sulfathiazole, p-hydroxybenzaldehyde,
4,4'-diaminodiphenylsulfone (DDS) were all reagent grade, and
obtained from Shanghai Aladdin Chemical Reagent Co., Ltd. Anhy-
drous ethanol was supplied by Chengdu Kelong Chemicals Co., Ltd.

2.2. Synthesis of STZ

STZ was synthesized via a one-pot method, and its synthesis
pathway was shown in Scheme 1. Briefly, sulfathiazole (25 mmol,
6.38 g) dissolved in anhydrous ethanol (300 mL) was introduced
into a 500 mL three-neck round-bottomed glass flask equipped
with a magnetic stirrer and a reflux condenser. With the temper-
ature increasing to 85 °C, p-hydroxybenzaldehyde (25 mmol, 3.05
g) was added into the flask and stirred for 6 h to obtain the imine
intermediate (not isolated). Subsequently, DOPO (25 mmol, 5.40 g)
was charged into the above reaction mixture and stirred for another
18 h. Successively, the reaction system was slowly cooled down to
room temperature. The precipitate was filtered, washed with
ethanol and dried at 70 °C for 24 h in a vacuum oven (yield: 94%).
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Scheme 1. The synthesis pathway of STZ.

2.3. Preparation of epoxy thermosets

Formulations of epoxy thermosets are listed in Table 1. The
flame-retardant epoxy thermoset with x wt% STZ was designated as
EP/STZx, and it was prepared via traditional thermal curing process.
Specifically, TGDDM and STZ were introduced into a 250 mL three-
neck round-bottomed glass flask equipped with a mechanical
stirrer and stirred at 160 °C until STZ was dissolved in epoxy resin
completely. With the temperature raising to 185 °C, DDS was
charged into the mixture and stirred for 2 min to form homoge-
neous liquid. After the mixture was degassed in a vacuum oven, it
was poured into preheated stainless steel moulds and cured at 150
°C for 3 h and 180 °C for 3 h. The control sample (EP) and thermoset
modified with DOPO were also prepared using similar process.

2.4. Characterization

The FTIR spectra were obtained using a Bruker ALPHA spec-
trometer (Bruker, Switzerland) at frequencies ranging from 4000 to
400 cm~. Samples were mixed with KBr and pressed into pellets.

The 'H, 3C and 3'P NMR spectra were recorded on a Bruker
AVANCE III 600 spectrometer (Bruker, Switzerland) using DMSO-dg
as solvent and tetramethylsilane (TMS) as internal standard.

Elemental analyses (C, H, N and S) were determined on an Ele-
mentar Vario EL Cube elemental analyzer (Elementar Analy-
sensysteme GmbH, Germany). The content of phosphorus was
measured on an Agilent 730 inductively coupled plasma-atomic
emission spectrometer (Agilent, USA).

Thermogravimetric analysis (TGA) of sample about 10.0 mg was
performed on a TG 209 F3 thermal analyzer (Netzsch, Germany)
from 30 °C to 600 °C at a heating rate of 10 °C/min under constant
nitrogen flow of 60 mL/min. TG-FTIR analysis was conducted on a
Nicolet iS10 FTIR spectrometer (Thermo Fischer, USA), connected

Table 1
Formulations of epoxy thermosets.

Sample Composition (g) STZ (wt%)  DOPO (wt%)
TGDDM  DDS STZ DOPO

EP 100 5398 0 0 0 0

EP/STZ2 100 5398 314 0 2 0

EP/STZ4 100 5398 642 0 4 0

EP/STZ6 100 5398 983 0 6 0

EP/DOPO4 100 5398 0 6.42 0 4
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with a TG 209 F3 thermal analyzer through a heated transfer line
maintained at 250 °C.

Differential scanning calorimetry analysis (DSC) of sample about
5.0 mg was performed with a DSC Q25 instrument (TA, USA) at a
heating rate of 10 °C/min from 20 °C to 300 °C under nitrogen
atmosphere.

LOI test was carried out on an M606B digital oxygen index in-
strument (Qingdao Shanfang Instrument Co., Ltd., China) according
to ASTM D2863-06, with a specimen bar of 130 x 6.5 x 3 mm?>. The
UL-94 vertical burning test was performed according to GB/T 2408-
2008, with a specimen bar of 130 x 12.7 x 3 mm?®. Cone calorim-
eter test was conducted on an FTTO007 cone calorimetry (FTT, UK)
according to ISO 5660. The sample mounted on an aluminium foil
with dimension of 100 x 100 x 3 mm> was exposed to a radiant
cone at an incident radiant flux of 35 kW/m?, and the relevant data
were averaged from three measurements.

Py-GC/MS analysis was carried out on a Frontier Lab EGA/PY-
3030D pyrolyser coupled to a Shimadzu GC-MS QP-2010 Ultra.
The sample about 2.0 mg was pyrolyzed at 600 °C for 20 s in the
pyrolysis furnace before the volatiles were introduced into the GC/
MS. High purity helium (99.999%) was used as the carrier gas at a
constant flow rate of 1 mL/min. For the separation, the heating
program of capillary column (DB-5MS) was as follows: 40 °C for 3
min, and then heated to 280 °C with a heating rate of 15 °C/min and

Vi
=7/

T o T ¥ T " T L T z T X 1
1600 1400 1200 1000 800 600 400
Wavenumber (cm™)

T i T
4000 3000

o
I

Sk Sl

8
7 4

(=}

19
3 828 1,23 27 = 10
L L] -
180 170 160 150 140 130 120 110 60 50 40
Chemical shift (ppm)

held for 10 min.

Microstructure of char residue after UL-94 test was observed
using a Hitachi S-4800 scanning electron microscope (Hitachi,
Japan) under high vacuum condition with a voltage of 20 kV.

X-ray photoelectron spectroscopy (XPS) spectrum was
measured by an ESCALAB 250Xi spectrometer (Thermo Fischer,
USA) with a monochromatic AlKa source (hv = 1253.6 eV).

The tensile test was conducted on a E44.104 electromechanical
universal testing machine (MTS, China) at a constant speed of 5
mm/min according to ASTM D638-08, and the relevant data were
averaged from five measurements.

3. Results and discussion
3.1. Characterization of STZ

The chemical structure of STZ was characterized by FTIR, 'H
NMR, 3C NMR, 3P NMR and elemental analysis. Fig. 1a shows the
FTIR spectrum of STZ. The typical absorption peaks of DOPO group
appear at 1596, 1477 (P—Ca,), 1199, 930 (P—0—Cj;), 1285 (P=0) and
751 cm ™! (Car—H deformation of ortho-substituted aromatic ring).
The peak at 3345 cm™! is assigned to the stretching vibration of
O—H bond. The peaks at 1330 and 1145 cm™! correspond to the
stretching vibration of 0=S=0 bond [21]. Fig. 1b depicts the 'H
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Fig. 1. FTIR (a), 'H NMR (b), '3C NMR (c), 3'P NMR (d) spectra and elemental analysis data (e) of STZ.
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NMR spectrum of STZ and the possible assignment of protons. The
multiple peaks at 5.05—5.58 ppm correspond to the proton (H9) in
methine group linked with phosphorus atom. The proton (H14) in
phenolic hydroxyl group appears at 9.46 ppm. The peak at 12.46
ppm is due to the proton (H3) linked with O=S=0 group. The ratio
of integrated areas is 1.00: 1.03:1.01 for H9, H14 and H3, which
coincides with the number ratio of corresponding protons. The
other protons in the structure are also well assigned in the spec-
trum, as shown in Fig. 1b. In the >C NMR spectrum as shown in Fig.
1c, the peak at 168.6 ppm is assigned to the quaternary carbon (C3)
in thiazole ring. The peaks due to tertiary carbon atoms (C1, C2) in
thiazole ring appear at 136.0 and 108.0 ppm, respectively. The
multiple peaks in 54.6—56.6 ppm are due to the tertiary carbon
atom (C10) in methine group linked with phosphorus atom. The
other peaks belong to the carbon atoms in aromatic rings. Two
peaks at 29.3 and 31.2 ppm assigned to the phosphorus atom in
DOPO group are observed in the 3'P NMR spectrum as shown in Fig.
1d. This suggests the formation of diastereomers with unequal
phosphorus peaks, which possibly results from the existence of
chiral carbon atom [22,23]. The elemental contents were further
analyzed to confirm the chemical structure of STZ. It reveals that
the found values coincide well with the calculated values as shown
in Fig. 1e. These data above all give the evidence that STZ has been
synthesized successfully.
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Fig. 2. TG (a) and DTG (b) curves of STZ and epoxy thermosets in nitrogen.

3.2. Thermal properties

The thermal stabilities of STZ and epoxy thermosets under ni-
trogen atmosphere were assessed by thermogravimetric analysis.
Fig. 2 plots the TG and DTG curves of STZ and epoxy thermosets,
and the relevant data are given in Table 2. It can be observed that
STZ starts to degrade at around 260 °C with a Tsy (the temperature
of 5% mass loss) of 285.5 °C. Its degradation process can be divided
into two stages according to DTG curve. The first stage happens in
the region of 260—340 °C, which is due to the decomposition of
sulfathiazole moiety. The second stage appears in the region of
340—-600 °C, and the mass loss is 34.0%. Apart from the further
decomposition of sulfathiazole moiety, the second stage also in-
cludes the decomposition of DOPO group, which will be disclosed
in the following section.

Pure EP undergoes a one-step degradation process with a Tpqyx
(the temperature at the maximum mass loss rate) of 400.2 °C,
which corresponds to the thermal degradation of macromolecular
chains through dehydration and chain scission reactions [24,25].
Modified thermoset shows a similar degradation process to pure EP.
However, it is noteworthy that the presence of STZ results in the
early degradation of epoxy thermoset, and the Tsy value of modified
thermoset decreases with the increase of STZ content. As previ-
ously reported, the O=P—0O bond in DOPO derivative is less stable
than the common C—C bond in epoxy matrix [26]. Moreover, the
steric hindrance of bulky DOPO pendant and thiazole ring results in
the decrease of crosslinking density of thermoset [27,28]. These two
factors are responsible for the reduction of Tsy value for modified
thermoset. Compared to pure EP, modified thermoset achieves a
lower Vi (the maximum mass loss rate) and a higher CYggp (the
char yield at 600 °C), suggesting that the presence of STZ inhibits
the degradation of epoxy matrix and contributes to the char for-
mation [29]. It is possible that the early degradation of STZ releases
phosphorus-containing acid, which reacts with epoxy matrix to
promote the formation of char layer [30]. The char layer isolates
underlying matrix from heat to postpone the degradation of matrix.

The glass transition behaviors of epoxy thermosets were
investigated by DSC. The glass transition temperature (Tg) is taken
as the midpoint in the specific heat capacity transition, and the
corresponding data are given in Table 2. Pure EP obtains a Ty of
255.3 °C, and the value is in line with the reported cured TGDDM/
DDS system [31]. The presence of STZ lowers the T of epoxy ther-
moset, and it decreases from 253.7 °C for EP/STZ2 to 250.9 °C for
EP/STZ6. As mentioned previously, STZ possesses a high steric
hindrance because of the existence of bulky DOPO pendant and
thiazole ring in the structure, which may restrain the curing reac-
tion between TGDDM and DDS, thus resulting in the decrease of
crosslinking density of epoxy network. This phenomenon was also
reported in epoxy thermoset modified with DOPO derivative
[27,32]. The decrease in crosslinking density accounts for the
decrease of Ty

3.3. Flame-retardant properties

The flame-retardant properties of pure EP and modified epoxy

Table 2

Thermal data of STZ and epoxy thermosets in nitrogen.
Sample Tsy (°C) Tinax (°C) Vinax (%/°C) CYs600 (%) Tg (°C)
STZ 285.5 288.3, 400.2 0.32,0.22 47.2 -
EP 3279 400.2 1.16 26.5 255.3
EP/STZ2 320.6 394.1 1.01 294 253.7
EP/STZ4 308.7 391.7 0.86 333 252.1
EP/STZ6 305.2 390.2 0.80 36.1 250.9
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Fig. 3. LOI values and UL-94 ratings of pure EP and modified epoxy thermosets.

thermosets were comprehensively evaluated through LOI, UL-94
and cone calorimetry tests.

Fig. 3 and Table 3 show the LOI and UL-94 data of pure EP and
modified thermosets. Pure EP achieves an LOI value of 26.5% and no
rating in UL-94 test. It burns vigorously after ignition, and flaming
drips are observed during UL-94 test. For modified thermoset, the
LOI value increases with the increase of STZ content. It increases
from 27.8% for EP/STZ2 to 29.1% for EP/STZ4, and further increases
to 30.7% for EP/STZ6. The incorporation of STZ results in the
disappearance of flaming drips during UL-94 test for epoxy ther-
moset. With the incorporation of only 4 wt% STZ, the corresponding
thermoset passes V-0 rating in UL-94 test. Moreover, EP/DOPO4
achieves a lower LOI value and UL-94 rating than EP/STZ4. These
data demonstrate that STZ possesses high flame-retardant activity,
and efficiently improves the flame retardancy of epoxy thermoset.
Fig. 4 presents the video screenshots of pure EP and EP/STZ4 during
UL-94 test. It can be found that pure EP burns vigorously with
flaming drips. EP/STZ4 generates massive gases around burning
matrix within a few seconds after ignition. Then, the flame is
seemingly blown out by the ejected gases from the surface of
burning matrix. Similar blowing out phenomena have also been
observed in other epoxy thermosets modified with DOPO de-
rivatives during combustion [13,33]. It is deduced that the blowing
out phenomenon closely accounts for the superior flame retard-
ancy of modified thermoset, which will be disclosed in the
following part.

As the most significant bench scale way to assess the fire per-
formance of materials, cone calorimeter test provides detailed in-
formation related to the fire hazard, such as time to ignition (TTI),
heat release rate (HRR), peak HRR (PHRR), time to peak PHRR (t-
PHRR), total heat release (THR), fire growth rate (FGR=PHRR/t-
PHRR), average effective heat of combustion (av-EHC), average CO
yield (av-COY) and average CO; yield (av-CO,Y).

Fig. 5 plots the HRR and THR versus time curves of epoxy
thermosets, and the corresponding data are summarized in Table 4.
Modified thermoset achieves a shorter TTI than pure EP, which
possibly results from the early degradation of modified thermoset
induced by STZ as mentioned in TGA [34]. Pure EP obtains a PHRR of
893.2 kW/m? and a THR of 57.0 MJ/m?. The PHRR and THR of EP/
STZ4 are decreased by 34.4% and 32.1% in comparison with those of
pure EP. Besides, the FGR and TSP of modified thermoset are lower
than those of pure EP, which suggests that the presence of STZ
suppresses the fire spreading and smoke formation during com-
bustion, thus improving the fire safety of epoxy thermoset. The
smoke suppression mechanism of STZ may be attributed to its

5
Table 3
LOI and UL-94 data of epoxy thermosets.
Sample LOI (%) UL-94, 3.0 mm bar
T+t () Dripping Rating
EP 265+ 04 >100 Yes No
EP/STZ2 278 +03 12.9 No V-1
EP/STZ4 291 +03 8.8 No V-0
EP/STZ6 30.7 + 04 54 No V-0
EP/DOPO4 275+03 20.7 No V-1

@ ty+tp, average total combustion time after two applications of the flame.
Video screenshots of EP
| /
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Fig. 4. Video screenshots of pure EP and EP/STZ4 during UL-94 test.

catalytic charring effect, which blocks the diffusion of pyrolysis
products and isolates the unburned matrix beneath from fire dur-
ing combustion [35]. The av-EHC reflects the combustion degree of
volatiles in the gas phase, which is useful for analysis of gaseous
flame-retardant mechanism. It is noteworthy that the presence of
STZ results in the reduction of av-EHC, which suggests that STZ
shows flame-retardant activity in the gas phase. Moreover, modi-
fied thermoset achieves a higher av-COY, while a lower av-CO,Y
than pure EP. This means that the presence of STZ results in
incomplete combustion of volatiles during combustion, which
further confirms the gaseous flame-retardant effect of STZ. For
epoxy thermosets, the residual mass increases with the increase of
STZ content. For instance, it increases from 27.7% for pure EP to
36.7% for EP/STZ6, demonstrating that STZ also exerts flame-
retardant effect in the condensed phase by promoting the forma-
tion of char layer. In conclusion, the incorporation of STZ improves
the flame retardancy and fire safety of epoxy thermoset. STZ shows
flame-retardant activity both in the gas and condensed phases.

3.4. Flame-retardant mechanism analysis

3.4.1. Gaseous pyrolysis products of STZ

TG-FTIR analysis provides useful information about the volatiles
during pyrolysis. To disclose the flame-retardant role in the gas
phase as suggested above, TG-FTIR was used to analyze the gaseous
products of STZ during pyrolysis.

Fig. 6 shows the data obtained from TG-FTIR analysis of STZ,
including three dimensional diagram and FTIR spectra of volatiles
at different temperatures. It is clear that some absorption peaks are
detected in the spectrum at 280 °C, since STZ starts to degrade at
around 260 °C as mentioned in TGA. It can be found that CO; (2400-
2200 cm™!), COS (2100-2000 cm™ '), NO, (1617 cm™!) [36], CS;
(1560-1460 cm™'), SO, (1400-1300 cm~!) [37], NH3 (965, 931
cm~!) are detected in the temperature range of 280—310 °C. Similar
gaseous products were also observed during the pyrolysis of
compounds with thiazole ring [38]. These gaseous products may
originate from the pyrolysis of sulfathiazole moiety. With the
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Table 4
Cone calorimetry data of epoxy thermosets.
Sample EP EP/STZ2 EP/STZ4 EP/STZ6
TTI (s) 65 +4 62+3 56 +5 51+3
PHRR (kW/m?) 893.2 +51.3 7944 +432 5855 +275 513.8+33.8
t-PHRR (s) 105 + 3 105 +5 105 +5 103 +5
THR (M]/m?) 57.0+3.2 495 + 1.5 38.7+26 348 +1.8
FGR (kW/(m?-s)) 8.5+ 0.7 7.6 £0.7 56+05 53+03
av-EHC (MJ/kg) 19.5+05 18.1 + 0.8 16.2 + 0.4 155+ 0.6
av-COY (kg/kg) 008 +0.02 0.11+0.01 0.12+0.02 0.14 + 0.02
av-COLY (kg/kg) 162 +0.07 148 +0.04 146+0.02 1.41 +0.05
Residual mass (%) 27.7 +2.2 324 +08 35104 36.7 = 1.7
TSP (m?) 18.5 + 0.6 16.6 + 1.0 144 + 0.7 133+1.2

temperature increasing to 350 °C, apart from the peaks due to the
absorptions of CO, and COS, some new peaks are found at 3647,
3060, 1593, 1475, 1237, 1207, 924 and 750 cm™ . Moreover, the
relative intensities of these peaks first increase and then decrease
with the increase of temperature. The maximum intensity appears
at about 400 °C, indicating that the decomposition of STZ is the
most intensive near this temperature, which is in accordance with
TGA data. The peak at 3647 cm ™! confirms the existence of H,0 in
the volatiles. The peaks at 1593, 1475 (P—Car), 1207, 924 (P—0—Cp,),
1237 (P=0) and 3060, 750 cm~" (Ca,—H vibration from the ortho-
substituted aromatic ring) are assigned to the typical absorptions of
DOPO group. These data above demonstrate that STZ releases
nonflammable gases (CO,, H,0, NO,, SO,, NH3) and DOPO de-
rivatives in the gas phase during pyrolysis.
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Fig. 6. Three dimensional diagram (a) and FTIR spectra (b) of volatiles at different
temperatures of STZ during pyrolysis.

Py-GC/MS test was carried out to further characterize the
gaseous pyrolysis products of STZ. Fig. 7a shows the pyrogram and
assigned pyrolysis products of STZ. It clearly reveals that the
detected pyrolysis products are SO,, COS, CS,, biphenyl, o-phenyl-
phenol, dibenzofuran, fluorene, nitrogenous compounds (4, 6) and
DOPO derivatives (13, 15, 16). In contrast to the gaseous products
detected in TG-FTIR analysis, the inexistence of NHs may be
ascribed to its low molecular weight, which is beyond the detection
limit of Py-GC/MS analysis. In consideration of the chemical
structure of STZ, it is believable that SO,, COS and CS, originate
from the pyrolysis of sulfathiazole moiety. Biphenyl, o-phenyl-
phenol, dibenzofuran and fluorene come from the pyrolysis of
DOPO moiety. DOPO derivatives (13, 15, 16) may stem from the
scission of chemical bonds or the rearrangement of free radicals
generated during pyrolysis. For instance, the rupture of P—C and
P—O bonds in DOPO moiety results in the formation of dibenzo-
furan [39], and the scission of C—C and C—N bonds in STZ accounts
for the formation of 6-methyldibenzo|c,e] [1,2]oxaphosphinine 6-
oxide (13). As reported previously, the rupture of P—C bond in
DOPO derivative leads to the elimination of DOPO free radical in the
gas phase, which proceeds to generate biphenylene and dibenzo-
furan by the removal of PO, and PO radicals [33,40], as shown in Fig.
7b. The appearance of dibenzofuran in the pyrolysis products
further gives the evidence that phosphorous radicals really exist in
the gas phase during pyrolysis of STZ [41,42].

Based on the above TG-FTIR and Py-GC/MS analyses, it is
reasonable to conclude that the sulfur element and nitrogen
element in STZ transform into sulfur-containing gases like SO, and
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nitrogen-containing gases like NH3 during pyrolysis, respectively.
STZ exerts gaseous flame-retardant effect by producing nonflam-
mable gases (CO,, Ho0, NO3, SO, NH3) and phosphorous radicals
(PO and PO; radicals). The nonflammable gases cut off the supply of
oxygen, dilute the fuels and take away the heat. The phosphorous
radicals not only scavenge active radicals (H and OH radicals) to
interrupt the combustion reaction, but also combine with active
terminal radicals in the decomposed molecular chain of matrix to
suppress its further decomposition [43—45].

3.4.2. Condensed thermo-oxidative degradation products of STZ

Investigation of the thermo-oxidative degradation behavior of
STZ provides information about the chemical composition of char
residues generated at different temperatures in air, which will
contribute to understanding its flame-retardant effect in the
condensed phase. To illustrate the thermo-oxidative degradation
behavior of STZ, the char residues obtained at different tempera-
tures in air were analyzed. STZ was heated at a rate of 10 °C/min
from room temperature to 600 °C in air. The char residues were
collected when heated to a specified temperature and character-
ized via FTIR.

Fig. 8 displays the FTIR spectra of STZ at different temperatures
in air and possible formation route of phosphorous compounds
with P—OH bond. At 250 °C, the spectrum appears nearly the same
as that at room temperature, which suggests that STZ is stable near
this temperature. At 350 °C, the peaks at 1330 and 1145 cm™!
assigned to the stretching vibration of 0=S=O0 bond vanish,
implying the release of SO, due to the breakage of sulfonyl group in
the gas phase below this temperature [46]. In contrast to the
spectrum at room temperature, the relative intensities of typical
absorption peaks (marked with red five-pointed star) of DOPO
group decrease obviously at 350 °C, suggesting that DOPO moiety is
partly released to the gas phase due to the rupture of P—C bond,
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Fig. 8. (a) FTIR spectra of STZ at different temperatures in air, (b) possible formation
route of phosphorous compounds with P—OH bond.

which has been suggested in TG-FTIR analysis. Moreover, some new
peaks (1632, 1159, 1094, 1054, 538 cm™!) are detected in the
spectrum, which correspond to the typical absorptions of P—OH
bond. The peaks at 1159, 1094 and 1054 cm~! are indicative of
the existence of phosphoric acid derivatives with R(OH),P=0 group
[47], which possibly result from the hydrolysis of DOPO moiety
[48]. With the temperature raising to 400 °C, the spectrum appears
two additional peaks at 927 and 520 cm~! in comparison with the
spectrum at 350 °C, which are due to the absorptions of P—O—P
bond and O—P—O bond [49], respectively. This confirms the for-
mation of polyphosphoric acid derivatives due to the dehydration
of P—OH bond.

These data above demonstrate that STZ generates phosphoric
acid derivatives with reactive P—OH bond during the thermo-
oxidative degradation, which proceed to form polyphosphoric
acid derivatives through the dehydration of P—OH bond. These
phosphorous compounds with reactive P—OH bond react with
epoxy matrix to promote the char formation, thus playing flame-
retardant role in the condensed phase.

3.4.3. Morphology and structure of char residue

Analyses of morphology and structure of char residue could
contribute to further disclosing the flame-retardant mechanism.
Fig. 9 shows the digital and SEM images of char residues of pure EP
and EP/STZ4 obtained after UL-94 and cone calorimeter tests. As
shown in Fig. 9a, the char residue of EP/STZ4 shows an intumescent
morphology, and the amount of char residue is higher than that of
pure EP, which has been confirmed by cone calorimetry data in
Table 4. For the char residues obtained after UL-94 test as shown in
Fig. 9b, pure EP burns completely and shows little char residue with
a discontinuous structure both in the exterior and interior. EP/STZ4
nearly retains its previous morphology, and some broken bulgy
stomas appear on the surface of char residue. In view of the video
screenshots of EP/STZ4 during UL-94 test in Fig. 4, it is believable
that high-speed ejected airflows from burning matrix result in the
broken bulgy stomas on the surface. The external char residue of
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Fig. 9. Images of char residues generated after cone calorimeter (a) and UL-94 (b) tests.

EP/STZ4 is compact and dense as shown in SEM image. To observe
the morphology of char residue in the interior of EP/STZ4, a tweezer
was employed to break off the sample bar. It is of surprise to note
that the char residue displays hollow structure in the interior.
Moreover, the micromorphology presented in SEM image reveals
that the internal char residue shows honeycombed structure with
massive holes running through. This dense char layer with
honeycomb-like hollow structure inside plays a pivotal role in
improving the flame retardancy of epoxy thermoset. On the one
hand, it acts as a thermally insulating layer to isolate the matrix
from heat and fuels. On the other hand, it stores huge amounts of
gases with massive phosphorous radicals and nonflammable gases
during combustion, which are intensively released to blow out the
flame when the gas pressure in the interior is high enough to break
through the char layer.

XPS analysis was used to investigate the chemical composition
of char residue. Fig. 10 shows the XPS spectra of char residues of
pure EP and EP/STZ4 after cone calorimeter test. The char residue of
pure EP consists of carbon, oxygen, nitrogen and sulfur elements. It
should be noted that apart from carbon, oxygen, nitrogen and sulfur
elements, phosphorus element is detected in the char residue of EP/
STZ4. To disclose the chemical environment of sulfur and phos-
phorus atoms, the S2p and P2p XPS spectra were fitted using
Gaussian-Lorentzian function. S2p XPS spectrum shows two peaks
at 164.4 and 168.7 eV, which are assigned to thiophene group and
sulfonyl group, respectively [50,51]. Two peaks at 134.2 and 133.5
eV are observed in the P2p XPS spectrum. The peak at 134.2 eV
corresponds to P—O—P bond [19], which generates from the
dehydration of P—OH bond as mentioned above. The peak at 133.5
eV is assigned to P-O—C bond [52], which gives the evidence that
phosphorous compounds with reactive P—OH bond generated
during the thermo-oxidative degradation of STZ really react with
epoxy matrix by esterification and dehydration to promote the char
formation.
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Fig. 10. XPS spectra of char residues generated after cone calorimeter test.

3.5. Flame-retardant mechanism

Fig. 11 shows the schematic illustration of flame-retardant
mechanism. STZ exerts gaseous flame-retardant effect by
releasing nonflammable gases like SO, and NH3, and phosphorous
radicals like PO and PO radicals. The nonflammable gases cut off
the supply of oxygen, dilute the fuels and take away the heat. The
phosphorous radicals capture H and OH radicals in the flame zone,
and interrupt the free radical chain reaction of combustion.
Moreover, it also shows flame-retardant activity by generating
phosphorous compounds with reactive P—OH bond in the
condensed phase, which react with decomposed epoxy matrix to
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promote the formation of dense and intumescent char layer. This
char layer with honeycomb-like cavity inside not only acts as a
superior physical barrier to isolate the matrix from heat and fuels,
but also stores huge amounts of gases containing considerable
phosphorous radicals and nonflammable gases during combustion.
The gases inside are released intensively to blow out the flame
when the inner gas pressure is high enough to break through the
char layer, accompanied by the appearance of blowing out phe-
nomenon. Thus, the remarkable flame retardancy of epoxy ther-
moset modified with STZ benefits from the barrier effect of
intumescent phosphorus-rich char layers, quenching effect of
phosphorous radicals and diluting effect of nonflammable gases.

3.6. Mechanical properties

The tensile test was conducted to disclose the effect of STZ on
the mechanical property of epoxy thermoset. Fig. 12 and Table 5
present the relevant data of epoxy thermosets, including the ten-
sile strength and elongation at break. The presence of STZ leads to
the increase of tensile strength, while the decrease of elongation at
break. For instance, the tensile strength increases from 52.8 MPa for
pure EP to 60.9 MPa for EP/STZ6, while the elongation at break
decreases from 3.3% to 2.4%. As mentioned above, the steric hin-
drance of bulky DOPO pendant and thiazole ring in STZ results in
the decrease of crosslinking density of epoxy thermoset, which is
bad for the improvement of tensile strength. However, STZ owns
multiple aromatic rings and heteroatoms (N, S and O) in the
structure, which form additional -7 interaction and hydrogen
bonding with epoxy matrix [15,53]. The formation of strong inter-
molecular action between STZ and epoxy macromolecular chain is
beneficial for the improvement of tensile strength. These two
competing factors eventually result in the increase of tensile
strength of modified epoxy thermoset.
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Fig. 12. Tensile data of pure EP and modified epoxy thermosets.
Table 5
Tensile strength and elongation at break data of epoxy thermosets.
Sample EP EP/STZ2 EP/STZ4 EP/STZ6
Tensile strength (MPa) 528 +35 553 +41 592+29 609 +3.7
Elongation at break (%) 3.3 +0.5 29+03 2.7+03 24+ 04

4. Conclusions

In summary, a sulfathiazole derivative with phosphaphenan-
threne group was synthesized, and used to remarkably improve the
flame retardancy and fire safety of epoxy resin. The presence of STZ
decreased the initial degradation temperature and T; of epoxy
thermoset. With the incorporation of only 4 wt% STZ, the modified
epoxy thermoset obtained an LOI value of 29.1% and passed UL-94
V-0 rating. The PHRR and THR were decreased by 34.4% and 32.1%
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in contrast to those of pure EP. With DOPO group and sulfathiazole
moiety in the structure, STZ showed high flame-retardant activity
both in the gas and condensed phases. It played flame-retardant
role not only by releasing nonflammable gases (SO,, NH3) and
phosphorous radicals (PO and PO, radicals), but also by promoting
the formation of dense and intumescent char layer with
honeycomb-like hollow structure inside. Modified thermoset
showed interesting blowing out phenomenon during combustion.
It was the intensive release of gases that blew out the flame based
on the diluting effect of nonflammable gases and quenching effect
of phosphorous radicals. Moreover, the presence of STZ resulted in
the increase of tensile strength, while the decrease of elongation at
break of epoxy thermoset.
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