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The use of metal-free click reactions for the design and synthesis of novel flame retardant reactive monomers for
thiol-ene photopolymerization is an intriguing area of research. In this study, we have prepared a new, 9,10-dihy-
dro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO)-based, P- and N-containing reactive flame retardant via
the metal-free azide-alkyne click reaction. For this purpose, first, azide-functionalized DOPO (DOPO-N3) has
been synthesized via Atherton-Todd reaction, and then this compound has been reacted with acetylene dicar-
boxylic acid diallyl ester (ACDAE) to give the flame retardant monomer, namely DOPO-triazole diallyl ester
(DTDAE). As prepared flame retardant monomer was characterized by nuclear magnetic resonance (NMR) and
Fourier-transform infrared spectroscopy (FTIR) spectroscopies. Thermoset materials prepared by using DTDAE
displayed over 90% gel content values. Polar triazole and phosphorous units rendered the surface of the ther-
mosets hydrophilic. The thermal stability of the networks was enhanced, char yields increased and the glass
transition temperatures (Tgs) were increased. The limiting oxygen index (LOI) values of the crosslinked materials
increased up to 27.8% as the DTDAE content was increased in the formulations. The synthetic method described
in this study provides a practical approach for the synthesis of a P- and N-containing flame retardant through a
metal-free azide-alkyne click reaction Also, the fact that DTDAE is in a liquid state makes this study valuable as it
indicates that it can be easily dispersed. It is also believed this promising compound can be used in different
polymer structures and formulations to develop new flame retardants in future studies to be applied in industrial
applications.

1. Introduction

Every year fires cause the death of thousands of people and billions of
dollars in economic losses. According to National Fire Protection Asso-
ciation (NFPA), 1.4 million fires occurred in the USA alone, resulting in
3500 civilian deaths, 15,200 civilian injuries and accounting for a $21.9
billion estimated property damage. 26% of these fires occurred in houses
yet they caused 74% of the civilian deaths [1]. Considering this high
ratio of house fires related deaths, the importance of fire retardant
monomers, polymers, or agents used in home textiles, furniture, bed-
dings, carpets, curtains, coatings, etc., can be understood.

Thiol-ene photopolymerization (TEP) is a modern technique within
the tool kit of polymer chemists and also a superior alternative to
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classical photopolymerization techniques. According to the mechanism
of TEP, multifunctional thiol compounds generate thiyl radicals upon
light irradiation even in the absence of a photoinitiator (or thiyl radicals
are generated by proton abstraction by the radicals formed by the
cleavage of photoinitiators) and then these thiyl radicals quickly add to
the multifunctional double bond-containing monomers to give cross-
linked networks [2-4]. Thus, TEP is known to follow a radical-mediated
step-growth mechanism [5]. TEP offers unique properties such as
resistance to oxygen inhibition, fast curing rates, spatial control over
polymerization, homogeneous network structures, modularity, low
shrinkage, high monomer conversion percentages, tunability, stereo-
selectivity, photoinitiator-free curing, etc. [2-8]. Besides, a large pool of
—ene species including those that do not undergo homopolymerization
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can react via thiol-ene reactions. Due to the versatile and robust char-
acteristics, thiol-ene reactions are regarded as click reactions and these
exceptional features render TEP suitable for a wide range of applications
including coatings, optical and biomedical devices, high-resolution
lithography, polymer, and surface functionalization, electro-optics,
nanoimprinting, and liquid crystal, and holographic materials, etc.
[9]. Nevertheless, some drawbacks like poor mechanical properties, low
Tgs, odor, and flammability accompany these advantageous features.

In recent years, many studies have been devoted to the improvement
of the mechanical and thermal properties of the TEP-based networks
[10-14]. Among these works, the synthesis of flame retardant mono-
mers for TEP has become an active area of research. In our previous
work, we successfully applied three different metal-free click reactions:
azide-alkyne cycloaddition, thiol- and aza-Michael addition reactions,
on acetylene dicarboxylic acid diallyl ester (ACDAE) [14]. The resulting
phosphorous, nitrogen, and fluorine-containing monomers were then
used to form thiol-ene photocured networks, but the gel contents and the
flame retarding performance of the resulting networks in that work were
found to be relatively low. We reasoned that the low gel contents
resulted from the strong light absorption of those monomers between
300 and 360 nm which overlapped with the absorption of the photo-
initiators and the relatively poor flame retardancy was attributed to the
low amount of phosphorous in the synthesized monomers.

The ease of metal-free functionalization of ACDAE stems from its
electron-deficient alkyne group which facilitates the aforementioned
click reactions to occur efficiently. Previously several polymers with a
wide range of features were prepared by using various acetylene
dicarboxylic acid derivatives [15-25]. Since the flame retardancy of the
networks was relatively low in our previous work, in this study we
designed another novel flame retardant monomer with a higher phos-
phorus (P) percentage. The new monomer, namely DOPO-triazole dia-
llyl ester (DTDAE) was prepared via a metal-free azide-alkyne click
reaction between ACDAE and an azide-functionalized DOPO (DOPO-
N3). In this study, DOPO is purposely selected since it has been a widely
used flame retardant compound that leads to higher thermal stability
than other phosphorus units [26]. Here, we modified DOPO with tri-
azole units and reactive groups to prepare flame retardant thermoset
materials. The efficiency of triazole-containing flame retardants was
investigated in previous studies [27-30]. The monomer, DTDAE, was
characterized by using NMR and FTIR spectroscopies and used for the
preparation of thiol-ene photocured thermosets. The mechanical, ther-
mal, optical, and flame retardant properties of the crosslinked networks
were determined.

2. Experimental
2.1. Materials

Pentaerythritoltetrakis(3-mercaptopropionate) (4SH), diallyl
phthalate (DAP), sodium azide, methanol, anhydrous sodium sulfate,
triethylamine (EtsN), 2-bromoethanol, p-toluenesulfonic acid mono-
hydrate, benzene, hexane, sodium chloride, dichloromethane (DCM),
chloroform (CHCl3), carbon tetrachloride (CCly), and 2-methyltetrahy-
drofuran (2-MeTHF) were all purchased from Sigma Aldrich and used
as received. 2,4,6-Trimethylbenzoyl-diphenyl-phosphineoxide (TPO)
and 2-hydroxy-2-methyl-1-phenyl-1-propanone (Darocur 1173) were
obtained from Ciba Specialty Chemicals. 9,10-dihydro-9-oxy-10-phos-
phaphenanthrene-10-oxide (DOPO) was obtained as a gift from
MCTCHEM (Turkey). 2-Azidoethanol and acetylene dicarboxylic acid
diallyl ester (ACDAE) were synthesized according to our previously
published procedures [14].

2.2. Characterization

FTIR spectra were recorded on a Cary 630 FTIR (Agilent Technolo-
gies) instrument over the range 4000-600 em L. H (500 MHz), 3¢
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(125 MHz) were recorded using an Agilent VNMRS 500 instrument in
CDCl3 and 3lp NMR (162 MHz) spectra were recorded using a Varian
400 instrument in CDCl3. Differential scanning calorimetry (DSC) ex-
periments were performed under a nitrogen atmosphere on the Perki-
nElmer Pyris Diamond DSC apparatus. Thermogravimetric analyses
(TGA) of the photocured films were performed by using a PerkinElmer
thermogravimetric analyzer (Pyris 1 TGA model). Samples were run
from 30 to 600 °C with a heating rate of 10 °C/min under a nitrogen
atmosphere. The water contact angles (CA) of the coatings were deter-
mined on a Kruss (Easy Drop DSA-2) tensiometer. Measurements were
made using 3-5 pL drops of distilled water. For each sample, at least
three measurements were made, and the average was taken. The
transmission spectra of the coatings were obtained by using a Shimadzu
3100 UV-vis-NIR spectrometer. Gel contents of the coatings were
determined by soxhlet extraction of the pre-weighted films for 24 h with
CHClIs. Insoluble gel fraction was dried in a vacuum oven at 40 °C to
constant weight and the gel percentage was calculated. LOI values of the
thermosets were measured by using a FTT (Fire Testing Technology)
type instrument, according to ASTM D2863-08. The test specimen bars
of 120 x 6 x 3 mm> were prepared for the LOI test. UL-94 vertical
burning test was conducted according to ASTM D3801 by using test
specimens in 120 x 13 x 3 mm?®. Mechanical properties of the ther-
mosets were determined at room temperature on a Materials Testing
Machine Z010 / TN2S. The polymerization conversion was followed by
real-time infrared spectroscopy. The details of the measurement and
calculations were described elsewhere [14].

2.3. Synthesis of 6-(2-azidoethoxy)dibenzo[c,e][1,2]oxaphosphinine 6-
oxide (DOPO-N3)

DOPO-N3 was prepared using the similar conditions described in
previous examples [31,32]. Briefly, into a 100 mL round bottom flask,
DOPO (4.32 g, 20.0 mmol), DCM (20 mL), and Et3gN (3.07 mL, 22.0
mmol) were added in that order while stirring. Upon complete disso-
lution of DOPO, 2-azidoethanol (1.92 g, 22.0 mmol) was added to the
reaction mixture, then the mixture was cooled to 0 °C in an ice bath.
After that, CCl4 (2.13 mL, 22.0 mmol) was added to the reaction medium
dropwise, then the flask was removed from the ice bath and left to stir
overnight at room temperature. The mixture was diluted with 50 mL of
DCM and extracted with 100 mL of distilled water three times. The
organic layers were dried over NajSOg, filtered, and evaporated to
dryness to give DOPO-N3 as a pale yellow liquid. Yield: 4.47 g, 74%. 'H
NMR (CDCl3, &) 7.95-7.27 (m, 8H, Ar—H), 4.31 (m, 2H,
P=00CH,CH;,N3), 3.43 (t, 2H, P=OOCH,CH,N3). 3C NMR (CDCls, 5)
149.69, 137.08, 133.78, 130.60, 130.29, 128.42, 125.31, 124.90,
124.07, 122.40, 120.89, 120.18, 64.83, 50.95. 3'P NMR (CDCls, 5)
10.89.

2.4. Synthesis of diallyl 1-(2-((6-oxidodibenzo[c,e][1,2]oxaphosphinin-
6-yDoxy)ethyD-1H-1,2,3-triazole-4,5-dicarboxylate (DTDAE)

To a 25 mL Schlenk tube was added DOPO-N3 (2.00 g, 6.64 mmol)
and ACDAE (1.42 g, 7.31 mmol) equipped with a magnetic stir bar and
dissolved in 7 mL of 2-MeTHF. After 2 freeze-pump-thaw cycles, the tube
was placed in an oil bath at 80 °C for 24 h. Afterward, the solution was
precipitated into 70 mL of hexane, then the excess solvent was removed
by decantation and the pale yellow oil was recovered. The obtained
crude product was further purified by a second dissolution—precipitation
(CHCls-hexane) procedure. Finally, the precipitate was dried in vacuo
for 24 h to give DTDAE as a pale yellow viscous transparent oil. Yield:
3.20 g, 97%. 'H NMR (CDCls, 5): 7.87-7.14 (m, 8H, Ar—H), 6.04-5.82
(m, 2H, OCH,CH=CHy), 5.46-5.28 (m, 4H, OCH,CH=CH>), 4.84 (m,
4H, C=00CH>), 4.66-4.50 (m, 4H, P=0OOCH,CH,Nj-triazole). '3C
NMR (CDCls, 8) 159.46, 157.80, 149.37, 139.85, 137.13, 133.88,
131.36, 130.71, 130.14, 128.31, 125.28, 124.91, 124.08, 122.14,
121.63, 119.98, 119.92, 119.45, 67.23, 66.39, 63.61, 50.04. 3!P NMR
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(CDCls, 6) 10.90.
The synthesis of DTDAE is illustrated in Scheme 1.

2.5. Preparation of thiol-ene photocurable formulations

Required amounts (Table 1) of DAP and DTDAE were weighed into a
clean beaker wrapped with aluminum foil to prevent pre-
polymerization. The mixture in the beaker was stirred at 60 °C for
10-15 min until homogenization. Next, TPO was added to this mixture
and stirred at 60 °C until it was dissolved. Finally, the mixture was
cooled to room temperature and 4SH and Darocur 1173 were added. The
homogeneous mixtures were degassed in a vacuum oven. The mixtures
were then poured into Teflon molds and cured under UV irradiation
(OSRAM, 300 W, Amax = 365 nm, 10 mW/cm?) for 10 min with 1-min
intervals. The preparation of the photocured networks is depicted in
Scheme 2. Formulations were encoded as DTFRX where, D, T, and FR
represents, DAP, 4SH, and DTDAE, respectively, and X represents the
approximate weight ratio of the DTDAE in the formulations.

O—1v=0
T
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Table 1
Thiol-ene photocurable formulations®.
Code DAP 4SH DTDAE DTDAE Pand N Gel
(mol) (mol) (mol) % (%) content
(%)
DTFRO 0.01 0.005 0 0 0 98
DTFR10 0.009 0.005 0.001 9.32 0.6 and 94
0.82
DTFR20 0.008 0.005 0.002 17.84 1.16 and 93
1.57
DTFR30 0.006 0.005 0.004 32.83 2.13 and 91
2.89
DTFR45 0.004 0.005 0.006 45.61 2.96 and 92
4.01
TFR65 0 0.005 0.01 66.23 4.30 and 93
5.82

# 1% TPO and 3% Darocur 1173 were added to each formulation.
3. Results and discussion
3.1. Characterization of DTDAE

The azide-functionalized DOPO (DOPO-N3) was prepared by

(o) (0]
HO OH
Benzene
Ho/\% 100°C
(o) (o)

2-MeTHF
80°C, 24h

O—1u=0

/O\/\N
|
N

/

o
N

N\ =

Scheme 1. Synthetic route for the preparation of DTDAE.
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Scheme 2. The schematic representation of the formation of flame retardant thiol-ene photocured thermosets.

Atherton-Todd reaction, which was previously noted in the literature as
a useful tool for the preparation of flame retardant materials [31,32].
Then, DTDAE was synthesized from the reaction of ACDAE with DOPO-
N3 by using a metal-free azide-alkyne click reaction. The DOPO-N3 and
DTDAE were characterized via NMR spectroscopy (Fig. 1).

The aromatic protons of DOPO were resonated between 8.0 and 7.0
ppm. In addition to the aromatic protons, two methylene signals cor-
responding to the P=OOCH>CH>N3 unit were observed at 4.3 ppm and
3.4 ppm, confirming the structure of DOPO-N3. After the metal-free
azide-alkyne click reaction, these protons were slightly shifted down-
field and appeared at 4.66-4.50 ppm. Moreover, the allylic protons were
observed between 6.0 and 5.0 ppm. The signal at 4.38 ppm corresponds
to the methylene protons adjacent to the ester oxygen. Also, the 3P
NMR spectra of the aforementioned compounds embedded in Fig. 1
exhibited clear single peaks at 10.90 ppm regarding the phosphorus
atom of the P=0O unit, indicating that the synthesized monomers are
pure. Meanwhile, the 13C NMR spectra confirming the successful prep-
aration of these compounds are given in Figs. S1 and S2.

DTDAE was further characterized by FTIR spectroscopy (Fig. S3).
The band at 1720 cm ™! belongs to the characteristic ester carbonyl
groups while the band at 1648 cm™! is due to the allyl double bond
stretching vibrations. The strong band at 918 cm ™! was attributed to the
P-O-Ph group of DOPO [33]. The absence of an azide stretching vibra-
tion band at around 2100 cm™! also proves that the click reaction was
successful and the monomer is pure. Furthermore, the UV-Vis spectrum
of DTDAE was recorded (Fig. S4). It was found that DTDAE does not
absorb light until 300 nm and has maximum absorption (Ayax) at 297
nm. This wavelength of the absorption maximum is lower than the
values we obtained in our previous work [14].

3.2. Structural characterization of the photocured thermosets

The thermosets were structurally characterized by FTIR spectroscopy
while the extent of curing was investigated by measuring the gel content
values and real-time infrared spectroscopy. The FTIR spectra of the
liquid formulations displayed the characteristic vibration bands of all
the monomers within (Fig. 2). The -SH groups were observed as weak
bands at 2577 cm ™. The allyl bands were also detected at 1648 cm ™. In
all spectra, bands were observed at around 1600 cm ! which correspond
to the -C=C- bonds in the aromatic rings in DAP and DTDAE. After UV-
induced polymerization, the allyl and thiol vibration bands were
completely disappeared, indicating that the formulations were thor-
oughly cured.

Gel content is a crucial parameter that shows the degree of curing.
The gel contents of the thermosets were found to be over 90% (Table 1).
The gel content of the DTDAE-free formulation was measured as 98%, it
decreased to 94% when 10% DTDAE was introduced. With further
DTDAE addition, gel content values decreased to 91%.

To further evaluate the extent of curing real-time spectroscopy was
used and the conversion of the allyl groups was monitored. We could not
be able to monitor the conversion of the thiol groups due to their rela-
tively low intensities. According to the allyl conversion plots (Fig. 3), it
can be said that in all cases, owing to the thiol-ene mechanism, very fast
conversion rates were achieved. Almost within 10 s over 90% of the allyl
groups were reacted. A slight and gradual decline was observed in the
allyl conversions as the amount of DTDAE was increased. In a previous
study where a similar system was investigated, the allyl conversion
profile of the crosslinked networks composed of diallyl terephthalate
(DATP) and pentaerythritol tetrakis(3-mercaptobutyrate), was found to
be identical to this work [34].
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Fig. 1. 1H and *'P NMR (embedded to 'H NMR) spectra of DOPO-N3 and DTDAE in CDCl3.

3.3. Wettability of the photocured networks

The WCA values of the thermosets were determined (Fig. 4) to assess
the effect of DTDAE on the wettability of the photo-crosslinked net-
works. The water contact angles (CA) of the thermosets were determined
on a tensiometer. A drop of distilled water (3-5 pL) was carefully placed
on the surface of the films with the aid of a syringe. Next, with the aid of
the software of the instrument (Kriiss) the photographs of the films with
the water drop on them were recorded and the contact angles were
measured. For each sample, at least three measurements were made, and
the average was taken. While DTFRO displayed a WCA of 72, the WCA
values of the DTDAE-containing networks decreased gradually. A slight
increase in the WCA values was observed for DTFR45 and TFR65
encoded samples but still, the surfaces of the DTDAE-containing ther-
mosets were found to be hydrophilic with respect to the DTFRO. The
reason for the increased hydrophilicity can be attributed to the intro-
duction of polar triazole rings and phosphorous units [14].

3.4. Optical properties

The optical light transmittance of the thermosets with respect to the
wavelength is an important feature for some applications that require
transparent materials. The transmittance percentages of the thermosets
were determined between 300 and 800 nm (Fig. S5) and the thickness of
the thermosets was about 1 mm for all samples. The transmission per-
centages of all samples were above 90% between 600 and 800 nm. As

the wavelength shifted toward the UV region, the transmittance of the
thermosets decreased significantly as a result of the strong UV absorp-
tion of DAP as well as the DTDAE. When the transmittance values of the
DTDAE-containing networks were compared to the transmittance of the
base formulation, it can be said that DTDAE's contribution to UV ab-
sorption is much more pronounced.

3.5. Mechanical properties

One of the main problems associated with the use of flame retardant
monomers is that even if they outperform in terms of flame retardancy,
they can adversely affect the mechanical properties. Unfortunately, the
mechanical properties were also reduced in this study when DTDAE was
added (Table 2 and Fig. 5). Note that the values given in Table 2 are
average results of at least three different measurements. The Young
modulus (E) of the base formulation; DTFRO was determined as 6.12
MPa. The modulus decreased gradually with increasing amount DTDAE
up to 30% then slightly increased when its percentage was reached 45%.
On the other hand, after a slight decrease in the tensile strength with the
incorporation of DTDAE to the base formulation, tensile strengths did
not change drastically. The elongation at break values also declined with
the addition of DTDAE, however, when the DTDAE's concentration was
reached 30%, a remarkable increase was observed in the elongation
values. This high elongation at break value was also observed for
DTFR45 encoded thermosets. When DAP was completely replaced with
DTDAE, the tensile strength and the elongation at break values were
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Fig. 2. FTIR spectra of the liquid precursors (a) and the cured thermosets (b).
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Fig. 3. Double bond conversion percentages of the photocurable formulations.
The inset shows an expanded section of the spectrum.

found to be comparable to the base formulation but the E value of the
TFR65 was lower than the DTFR.

Here, the declined mechanical properties can be attributed to the
decreased crosslinking density of the thermosets which is evident from
both the gel content values and the allyl conversion percentages. Mon-
gkhontreerat et al. prepared several thiol-ene photocured rigid, soft, or

75
—

70

65 &
60 65°

55 —
50 55°

45

Water Contact Angle

40

DTFRO DTFR10 DTFR20 DTFR30 DTFR45 TFR65

Fig. 4. WCA values of the photocured films.

hydrogel networks by using various —enes and thiols in different thiol to
-ene ratios, and in some formulations, when excess thiols were used, a
dramatic decrease in the modulus values were observed [35]. For
instance, Young's modulus value decreased to 106 kPa from 782 MPa
when -ene to thiol ratio was changed to 1:2.5 from 1:1 or it decreased to
615 MPa when a 1.5:1 ene to thiol ratio was employed as a result of the
decreased crosslinking density.
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Table 2
Thermal and mechanical properties of the photocured resins.
Modulus (MPa) Tensile Strength Elongation at break (%) ;" Ty" Char Tg" LOI UL-94° rating
(MPa) (°C) (%) [§9)
DTFRO 6.12 1.23 32 356 430 5.6 4.4 20.8 NR
DTFR10 5.51 0.96 17 355 440 6.7 7.6 22.4 NR
DTFR20 2.96 0.93 17.6 351 430 8.2 12.0 23.2 NR
DTFR30 1.83 - 83 352 420 12.0 13.0 24.6 NR
DTFR45 2.09 - 86 310/350 550 11.2 13.2 25.4 V-1
TFR65 1.77 1.10 32 310/350 520 12.2 16.0 27.8 V-0

@ T, and T, are the maximum weight loss temperatures, which were determined from the maximum of the corresponding derivative curves.

b Determined by DSC.
¢ NR: not rated.

Stress in N/mm?

Strainin %

Fig. 5. Representative stress-strain curve of the photocured films.

3.6. Thermal properties and flame retardancy of the cured thermosets

The thermal degradation profiles of the photocured thermosets were
determined employing TGA. The TGA spectra and the derivative weight
curves are presented in Fig. 6. The results of the TGA are also collected in
Table 2.

Mainly, the thermosets displayed a two-step degradation process.
The first maximum degradation step was around 350 °C and it was
attributed to the degradation of the aliphatic groups of the crosslinked
chains while the second maximum degradation was attributed to the
decomposition of the aromatic groups. As the amount of DTDAE was
increased in the formulations, an additional degradation step which is
much more significant in DTFR45 and TFR65 was observed at around
310 °C. This was attributed to the degradation of the phosphorous
groups which was encountered many times in the literature [36-38]. For
the other thermosets which contain relatively less DTDAE, this step was
not very clear but a slight reduction of the first maximum weight loss
temperatures was observed. Besides, the second maximum degradation
temperatures were improved remarkably with the addition of DTDAE
and when its amount was 45%, over a hundred degrees of increase in the
second weight loss temperature was detected concerning the base
formulation. The char yields increased gradually with the increasing
amount of DTDAE and reached over 12% when DAP is completely
replaced with DTDAE. The high char yields are generally associated with
the flame retardancy of polymers. Thus, it can be said that the flame
retardancy of the DTDAE-containing thermosets was improved. We

further evaluated the flame retardancy of the thermosets by the LOI test
in which the minimum amount of oxygen that is needed to support
flaming combustion is measured.

The LOI values of the thermosets are plotted in Fig. 7. The inlay
images in this plot display the digital photographs of the films and the
formed char mass for TFR65. The DTFRO encoded sample had a LOI
value of 20.8. In a previous work, DAP and 4SH were polymerized with
1,3,5-triallyl-1,3,5-triazine-2,4,6(1H,3H, 5H)-trione (TTT) and the LOI
value of this composition was found as 21.6% [10]. The presence of
nitrogen due to TTT might be responsible for this relatively higher LOI
value. As DTDAE was increased in the thermoset films, the LOI values
increased significantly. DTFR45 which contains almost 3% P and 4% N,
displayed a LOI value of 25.4. With the elimination of DAP from the
thermosets, the amount of P and N were further increased in TFR45 and
the LOI value was measured as 27.8%. These high LOI values do not only
stem from the high P percentages in the formulations but also arise due
to P and N synergism. This effect is reflected in the formed dense char
(see the encircled image in Fig. 7).

Furthermore, the flame retardant performance of the thiol-ene
photocured thermosets was evaluated by measuring their UL-94 rat-
ings. In each case, the cotton was not ignited. The total afterflame times
(t; and ty) for DTFRO, DTFR10, DTFR20, and DTFR30 were found to be
over 250 s. Thus, they were not rated according to the UL-94 test (see
Table 2). On the other hand, the DTFR45 and TFR65 were rated as V-1
and V-0, respectively. Ai et al. synthesized phosphorous and triazole-
containing flame retardant, added it to epoxy thermosets and even
though as high as 32.5% LOI value was achieved, none of the thermosets
passed the UL-94 test [28]. Owing to the high amount of phosphorous in
this work, a V-0 rating was reached for the fully DTDAE-containing
sample.

P-containing flame retardant agents act both in the gas and
condensed phase [39]. According to the mechanistic studies for the
flame retardant action of P- and triazole-containing flame retardants,
triazole units release nitrogen-containing gases such as Ny and NH3 and
dilute the oxygen and heat in the gas phase along with the P-containing
radicals which entrap active free-radicals [28-30]. In the condensed
phase, P-containing units generate species like phosphoric acid upon
decomposition and these species catalyze the carbonaceous char for-
mation. Volatiles such as Ny and NH3 expand the residue and lead to
swollen foam-like char. Eventually, the intumescent char impedes the
transfer of heat and oxygen to the underlying coating, thereby
enhancing the overall thermal stability and flame retardancy. Further-
more, especially for a DOPO- and triazole-based flame retardant,
TG-FTIR, and pyrolysis-gas chromatography/mass spectrometer
(Py—GC/MS) studies identified the presence of species like biphenyl, o-
hydroxybiphenyl, o-aminobiphenyl, 4-methyl-dibenzofuran, and
carbazole, etc., in the gas phase, originating from DOPO [27].

In our case, even though the intumescent behavior was not profound,
foamed char formation was evident and thus, DTDAE can be described
as an effective intumescent flame retardant reactive monomer. Finally, it
can be concluded that thermal properties and flame retardancy of the
thermosets were improved owing to the synergism between DOPO units
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and the triazole rings.

In terms of thermal properties, we also determined the Ty values of
the thermosets (Table 2). The DSC curves are shown in Fig. 8. The Ty of
the base formulation was found as 4.4 °C. The T, of the crosslinked
networks composed of DATP and pentaerythritol tetrakis(3-
mercaptobutyrate), was previously measured and determined as
~5 °C [34]. Thus, our result is in good accordance with the literature.
The increase in the DTDAE amount in the formulations led to an
increment of the T, values. When DAP was replaced with DTDAE, the T,
was raised to 16 °C. With the bulky DOPO unit in the networks as well as
the additional molecular interactions due to the polar -P=0 and triazole

Temperature (°C)

Fig. 8. DSC curves of the thermosets.

groups, the mobility of the polymer chains was slightly restricted, thus
the Tgs increased.

The escalated T, values indicate that the stiffness of the thermosets
was also increased. In such a case, generally, an increase in the modulus
of the materials is expected. However, with our crosslinked materials,
despite the increased T values, a decreasing trend was observed for the
modulus values. Thus, according to the DSC and mechanical test results,
for the thermosets prepared in this work, we can conclude that the rigid
bulky side groups are much more effective in determining the glass
transition temperatures rather than the crosslinking density, whereas
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the extent of curing was competent for controlling the mechanical
properties as noted above.

4. Conclusions

In this work, we successfully demonstrated a metal-free click route
for the synthesis of a novel liquid flame retardant monomer and used it
for the synthesis of the thermosets via TEP. The main conclusions are as
follows:

a) Considering that DOPO-based flame retardants which are generally
known in the literature as solid at room temperature and exhibit high
melting points, we must note that the newly synthesized reactive
monomer; DTDAE, was obtained as a viscous liquid at room tem-
perature. This pleasing feature is advantageous for mixing proced-
ures and for the elimination of solvents.

b) All thermosets prepared with DTDAE exhibited a high degree of
curing with sufficient gel content values.
The incorporation of DTDAE into the formulations enhanced both
the thermal stability and the flame retardancy of the photo-
crosslinked films. When the DTDAE content was at its highest level,
the char yield was increased over two-fold concerning the DTDAE-
free formulation, and the LOI value was determined as 27.8%. Ac-
cording to the UL-94 test, TFR65 is classified as a V-0 rating.

C

=

The scope of metal-free click reactions which bring new horizons to
material designs is ever-expanding. There is a great potential in metal-
free click reactions yet to be discovered. They not only offer new per-
spectives but also instigate sustainable solutions. We believe that these
approaches will pioneer the generation of novel flame retardant
monomers and agents to be used in industrial applications. The use of
such approaches in polymers such as polyurethane foams or epoxy will
be considered in future studies.
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