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Abstract

In this study, a phosphorus-containing bio-based monomer (MBDPP) was first
synthesized from renewable magnolol, and subsequently photo-cured with tri-thiol
(TPTMP) or tetra-thiol (PETMP) monomers via thiol-ene polymerization. The
synthesized MBDPP/TPTMP and MBDPP/PETMP membranes exhibited high char
residues at 700 °C in the TGA tests, which were 19.8 wt% and 24.2 wt% for nitrogen
while 16.5 wt% and 20.2 wt% for air, respectively, indicating superior charring capacity
of both membranes. DMA results indicated that both the higher stiffness and the T of

the cured MBDPP/PETMP membrane was ascribed to its higher cross-linking density
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than that of the cured MBDPP/TPTMP owing to the tetra-functional groups of PETMP.
In the open flame test, both MBDPP/TPTMP and MBDPP/PETMP membranes self-
extinguished immediately when removing the flame source, manifesting excellent
intrinsic anti-flammability. The cone calorimeter results further demonstrated that
MBDPP/TPTMP and MBDPP/PETMP membranes showed lower PHRR (419 and 388
kW/m?, respectively) and THR (41.38 and 38.98 MJ/m?, respectively) values than most
of the thiol-ene photo-polymerized counterparts previously reported. The excellent
anti-flammability of MBDPP/TPTMP and MBDPP/PETMP membranes originated
from the formation of expandable char residues that played an efficient role in
hampering the transfer of flammable pyrolysis products to flame zone as well as
insulating the heat irradiation during combustion. Additionally, both MBDPP/TPTMP
and MBDPP/PETMP membranes showed excellent transparency (transmittance > 85%
in the visible region) and flexibility (breaking elongation around 40%). Taking the
intrinsic anti-flammability, exceptional transparency and high flexibility into account,
the MBDPP/TPTMP and MBDPP/PETMP systems are suitable as intumescent flame
retardant coating materials.
Keywords: ~ Magnolol;  Thiol-ene  photo-polymerization;  Anti-flammability;
Transparency
1. Introduction

UV photo-polymerization technology is well known as an eco-friendly technology,
which has been widely applied in diverse fields, such as coatings, adhesives,

photosensitive materials, photoresists and 3D printing [1-5]. Thiol-ene photo-



polymerized systems have attracted the extensive attention because of their advantages
such as rapid curing and low shrinkage [6]. In addition, the presence of thiol group can
effectively solve the problem of oxygen polymerization inhibition of acrylate system
[7]. However, like conventional UV curable resins (such as epoxy acrylate and
polyurethane acrylate), thiol-ene photo-polymerized systems are also highly flammable
and cannot be used in some occasions with high flame retardant requirements.
Therefore, there is an urgent demand for simple and effective methods to solve the
flammability of these UV curable coatings, which is of great significance to further
expand their applications.

Generally, an effective way to reduce the flammability of UV curing coating is to
chemically bond the flame retardant monomers/oligomers to the polymer main chain,
that is, to use UV curable flame retardant monomers/oligomers. Liu et al. synthesized
two phosphorus-containing diene and a nitrogen-containing trithiol monomers, and
cured them by thiol-ene photo-polymerization [8]. The resultant cured coating showed
enhanced anti-flammability owing to the co-addition of phosphorous and nitrogen.
Cakmakei et al. prepared a boron-containing thiol-ene polymerized coating, and the
cured coating had an increased LOI to 24.2% when the boron content was 1.44% [9].
Cakmakei et al. also synthesized an allyldiphenyl phosphine oxide (ADPPO) based UV
cured coating by thiol-ene polymerization [10]. The LOI values of the cured coatings
increased with the increase of ADPPO dosage. Specifically, the highest LOI value was
27.5% when the ADPPO dosage was 35 wt% (phosphorus content: 4.4%). Bastiirk et

al. synthesized a phosphorous-containing monomer, bis-(triethoxysilylpropyl) phenyl



phosphamide (BESPPA), and further fabricated a hybrid coating by virtue of thiol-ene
polymerization of BESPPA [11]. The LOI of the UV cured hybrid coating was increased
to 26.5% owing to the phosphorus—silicon synergism. However, the preparation of UV
curable flame retardant monomers/oligomers aforementioned are derived from
petroleum-based resources, and no renewable resources are involved.

With the increasing awareness of sustainable development, flame retardant
monomers/oligomers begin to turn to bio-based mass in recent years. Guo’s group
prepared a photo-cured coating via thiol-ene polymerization of castor oil based thiol
and phosphorus- and silicon-containing monomers [12]. By adjusting the ratio between
the components, the UV cured coating behaved excellent anti-flammability, achieving
an LOI of 27.6% and UL-94 V-0 grade. In another study, Guo’s group deposited the
above photo-cured coating onto the wood surface [13]. The average heat release rate
and the total heat release of the coated wood were 74% and 73% lower than those of
the uncoated one. These studies convince us that the flame retardant modification of
bio-based mass is an effective approach to prepare anti-flammable UV curable
monomers.

Magnolol is bio-based compound that derives from natural plants Magnolia
officinalis. Magnolol has two allyl groups in its molecular structure, which is a suitable
candidate as UV curable monomer. Additionally, magnolol also has two phenolic
hydroxyl groups, which facilities its modification by flame retardants. In this study, we
first synthesized a phosphorus-containing magnolol-based monomer (MBDPP), and

subsequently cured MBDPP with tri-thiol or tetra-thiol monomers by thiol-ene



polymerization. The thermal stability, flame retardancy, transparency, and tensile
property of the cured membranes were investigated. Finally, the flame retardant mode
of action was further clarified for these bio-based thiol-ene photo-polymerized
networks.

2. Experimental

2.1. Materials

Magnolol, diphenyl phosphoryl chloride (DPPC), anhydrous sodium sulfate,
trimethylolpropane tris(3-mercaptopropionate) (TPTMP), pentaerythritol tetra(3-
mercaptopropionate) (PETMP), and 2, 2-dimethoxy-2-phenylacetophenone (DMPA)
were purchased from Aladdin Chemical, China. Triethylamine and dichloromethane
were provided by the Sinopharm Chemical Reagent Co., Ltd., China. All the reagents
were used as received.

2.2. Synthesis of magnolol-derived bis(diphenyl phosphate) (MBDPP)

In a 500 mL three-neck flask equipped with a mechanical stirrer and a nitrogen inlet,
magnolol (25.0 g, 0.0939 mol) and triethylamine (19.00 g, 0.188 mol) were dissolved
in dichloromethane (100 mL). Then, DPPC (50.50 g, 0.188 mol) dissolved in 50 mL of
dichloromethane was added dropwise into the flask over a period of 1 h at 0 °C. The
reaction system was kept at 0 °C for 3 h and 50 °C for another 3 h. After completion of
the reaction, the mixture was filtered to remove the precipitate, and then the filtrate was
poured into the separatory funnel and washed with distilled water several times. After
that, the organic layer was separated and dried with anhydrous sodium sulfate overnight.

The solvent was removed under vacuum by a rotary evaporator, and the yellow viscous



liquid was obtained and dried at 60 °C for 24 h for further use. The synthetic route of
MBDPP was shown in scheme 1a.
2.3. Fabrication of polymer films by photo-polymerization

Scheme 1b and 1c¢ illustrates the chemical structures of thiol-monomers (TPTMP and
PETMP) and photo-initiator DMPA, and the preparation of polymer films by photo-
polymerization. For the preparation of MBDPP/TPTMP polymer film, MBDPP (17.54
g, 24 mmol), TPTMP (6.38 g, 16 mmol) and DMPA (0.48 g) (2 wt% to the total weight)
were mixed at ambient temperature under stirring for 15 min in a beaker. Then, the
obtained homogeneous mixture was poured to a plastic mold with a thickness
approximately 3 mm. The mixture was photo-polymerized by a high-pressure mercury
lamp (500 W) for 10 min, and the distance between the lamp and the mixture was 35 cm.
The MBDPP/PETMP polymer film was prepared using a similar method just replacing

TPTMP by PETMP (Allyl mole was equal to thiol one).
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Scheme 1. (a) Synthetic route of MBDPP; (b) chemical structures of thiol-monomers
and DMPA; (c¢) preparation of thiol-ene polymer films by photo-polymerization

2.4. Characterization

The detail information about the methods and instruments was given in the
supporting information.
3. Results and discussion
3.1. Structural characterization of MBDPP

Magnolol-derived bis(diphenyl phosphate) (MBDPP) was synthesized from the
dehydrochlorination reaction between magnolol and DPPC. The molecular structure of

MBDPP was confirmed using the NMR spectrometer. As shown in Fig. 1a, the proton



NMR spectrum of DPPC displayed multiple signals in the range of 7.20-7.40 ppm were
attributed to the protons of the aromatic rings. After the substitution reaction with
magnolol, except for the analogous multiple signals of aromatic rings, several new
peaks can be observed from the proton NMR spectrum of MBDPP (Fig. 1b), the signals
at around 3.45 ppm were assigned to the hydrogen atoms of the methylene group
(marked by a) adjacent to the C=C double bond. The signals at around 5.98 and 5.10
ppm were allocated to the hydrogen atoms of the C=C double bond (marked by b and
c). All these proton signals match well with the designed molecular structure of MBDPP.
Furthermore, Fig. lc provided the phosphorus NMR spectrum of DPPC, which
exhibited a single peak located at approximately -5.20 ppm. Correspondingly, the
phosphorus NMR spectrum of MBDPP (Fig. 1d) also displayed a single intense signal
at -17.08 ppm, which accorded well with the single chemical surrounding of
phosphorus atom in the MBDPP structure. Moreover, the movement of the single peak
position demonstrated the successful reaction between DPPC and magnolol.
Additionally, in the '*C NMR spectrum of MBDPP (Fig. le), the chemical shift of all

the signals was in good agreement with the expected structure.
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Fig. 1. The Hydrogen bond complexasionproton and phosphorus NMR spectra of (a,
c¢) DPPC and (b, d) MBDPP; (e) the carbon NMR spectra of MBDPP; (f) FTIR
spectra of magnolol and MBDPP

Fig. 1f compares the FTIR spectra of magnolol and MBDPP. For magnolol, the
characteristic bands at 1637, 990 and 908 cm™! were ascribed to the vibrations of the

double bond in the allyl group [14]. The characteristic bands at 1605 and 1500 cm’!



were corresponding to the skeleton vibration of the aromatic rings. Additionally, the
broad and intense band at around 3156 cm™ belonged to the stretching vibration of the
phenolic hydroxyl groups. For MBDPP, the absence of the broad and intense band
corresponding to the phenolic hydroxyl groups of magnolol implied the occurrence of
the dehydrochlorination reaction between magnolol and DPPC. The skeleton vibration
of the aromatic rings also shifted to 1595 and 1490 cm™!, owing to the substitution of
diphenyl phosphate. Several new bands at 1170 cm™ (P=0) [15] and 958 cm™! (P-O-Ph)
[14] appeared, which further manifested the successful substitution of diphenyl
phosphate.
3.2. Photo-polymerization kinetics

MBDPP/TPTMP and MBDPP/PETMP membranes were synthesized via thiol-ene
photo-polymerization. Thus, FTIR spectra were employed to monitor the change of
thiol (2565 cm™) and allyl (1638 cm™) groups in the systems in order to clarify the
photo-polymerization kinetics. Fig. 2a and 2b illustrates the changes of FTIR spectra
of MBDPP/TPTMP and MBDPP/PETMP systems under different UV irradiation time.
The changes of transmittance intensity of allyl groups (1638 cm™) and thiol groups
(2565 cm™) are further depicted in Fig. 2¢ and 2d for MBDPP/TPTMP and Fig. 2e and
2f for MBDPP/PETMP. It can be intuitively observed that the transmittance intensity
of thiol and allyl groups decreased gradually with the increase of the UV irradiation
time for both MBDPP/TPTMP and MBDPP/PETMP films, indicating the photo-
polymerization reaction occurs between MBDPP and thiol-monomers. The conversion

rate was computed by the change of the transmittance peak. Fig. 2g and 2h give the



conversion rate of thiol and allyl groups against UV irradiation time, respectively. The
conversion rate of both thiol and allyl groups increased rapidly at the beginning and
then reach equilibrium after 120 s. With the extension of UV irradiation time, the
conversion rate showed very slight change and was lower than 100% eventually.
Additionally, the conversion rate of allyl group was slightly higher than that of thiol
group for both MBDPP/TPTMP and MBDPP/PETMP systems, owing to the homo-
polymerization capacity of allyl group [16]. Finally, the conversion rate of thiol and
allyl groups achieved >75% for both systems, manifesting the occurrence of the

efficient photo-polymerization.
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Fig. 2. The changes of FTIR spectra of (a) MBDPP/TPTMP and (b) MBDPP/PETMP
systems with irradiation time; the partial enlarged view of FTIR spectra of allyl (1638
cm™) and thiol (2565 cm™) groups for (¢, d) MBDPP/TPTMP and (e, f)
MBDPP/PETMP; conversion of (g) thiol and (h) allyl groups against UV irradiation
time.

3.3. Thermal decomposition behaviors
Fig. 3 depicts the TGA and differential TGA (DTG) profiles of MBDPP/TPTMP and
MBDPP/PETMP membranes in nitrogen and air atmospheres, several typical data

including the temperatures at 5 wt% mass loss (Tq), the temperatures at 50 wt% mass



loss (T-s0%), the temperatures at the maximum weight loss rate (Tmax) and the char
residue (%) at 700 °C was summarized in Table 1. As shown in Fig. 3a and 3c,
MBDPP/TPTMP membrane exhibited two decomposition stages in the temperature
regions of 200-350 °C (31% mass loss) and 350-410 °C (39% mass loss) under nitrogen.
Similarlyy, MBDPP/PETMP membrane also decomposed in two stages in the
temperature regions of 200-350 °C (34% mass loss) and 350-410 °C (33% mass loss).
The first decomposition stage was corresponding to the cleavage of thermally instable
P-O-C bond and release of phosphate species, while the second one was associated with
the split of polymer networks promoted by phosphate species. It can be observed from
Table 1 that the typical temperatures including Tq, T-so%s and Tmax values of
MBDPP/TPTMP and MBDPP/PETMP membranes under nitrogen was very close,
implying similar thermal stability under nitrogen. Additionally, the char residues of
MBDPP/TPTMP and MBDPP/PETMP membranes at the end of decomposition were
about 19.8 wt% and 24.2 wt%, respectively. The higher char residue of
MBDPP/PETMP membrane over MBDPP/TPTMP was ascribed to the higher cross-
linking density of the former, since the higher cross-linking density was conducive to
proceeding carbonization. In addition, the estimated LOI values of MBDPP/TPTMP
and MBDPP/PETMP membranes were 25.4% and 27.2%, respectively, indicating
better anti-burning properties for both of two membranes. Moreover, different from
nitrogen atmosphere (Fig. 3b and 3d), MBDPP/TPTMP membrane underwent three
decomposition stages in the temperature regions of 200-350 °C (33% mass loss), 350-

400 °C (30% mass loss) and 400-700 °C (21% mass loss) under air. Similarly,



MBDPP/PETMP membrane also displayed three stages in the temperature regions of
200-350 °C (33% mass loss), 350-400 °C (30% mass loss) and 400-700 °C (17% mass
loss). The former two stages were attributed to the cleavage of phosphate groups and
backbones of polymer networks, respectively, whereas the third one was related to the
slowly thermal oxidation of the residues. Similar to the results under nitrogen, the
thermal performance parameters including Ta, Tso% and Tmax values of
MBDPP/TPTMP were also very close with those of MBDPP/PETMP membranes under
air, indicating alike thermal-oxidative degradation processes of MBDPP/TPTMP and
MBDPP/PETMP membranes. With proceeding decomposition, MBDPP/TPTMP and
MBDPP/PETMP membranes showed 19.8 wt% and 24.2 wt% residue at 700 °C,

respectively, demonstrating good charring capacity.
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Table 1. Thermogravimetric data of MBDPP/TPTMP and MBDPP/PETMP

membranes in nitrogen and air atmospheres

T-50% Char residue
Ta(°C) Timax (°C) Estimated
Sample (°C) (%) *

LOI (%) ®
N> Air N Air N Air N> Air

MBDPP/TPTMP 211 207 381 378 381 380 19.8 19.8 254

MBDPP/PETMP 204 206 384 380 389 381 24.2 24.2 27.2

Notes:
# Measured at 700 °C.
® Calculated using the equation LOI = 17.5 + 0.4(CY) [17, 18]
3.4. Thermo-mechanical properties

The thermo-mechanical properties of MBDPP/TPTMP and MBDPP/PETMP
membranes were investigated by the dynamic mechanical analysis. Fig. 4a and 4b
depicts the storage modulus (E’) and the tand against temperature curves of
MBDPP/TPTMP and MBDPP/PETMP membranes, and Table 2 summarizes the typical
parameters. The storage modulus (E’) curves of both MBDPP/TPTMP and
MBDPP/PETMP membranes showed a sharp drop from glassy state to rubbery state.
The E’ of MBDPP/PETMP membrane was higher than that of MBDPP/TPTMP in the
glassy state, indicating the higher stiffness of MBDPP/PETMP membrane. The glass
transition temperature (Ty) is a crucial parameter that denotes the transition from glassy
state to rubbery state, corresponding to the temperature at the peak of the tano curves.

The Ty of MBDPP/TPTMP and MBDPP/PETMP membranes was 7 °C and 13 °C,



respectively. Both the T, values were lower than 20 °C, indicating the flexibility of both
the membranes at the room temperature. Both the higher stiffness and the Ty of
MBDPP/PETMP membrane was ascribed to its higher cross-linking density than that
of MBDPP/TPTMP owing to the tetra-functional groups of PETMP. In order to verify
this viewpoint, the cross-linking density (ve) was calculated using the formula as below
[19, 20]:
ve = E’/3RT

where E’, R and T represent the storage modulus at Tg+30 °C, the gas constant (8.314
J/(mol-K)), and the absolute temperature of Tg+30 °C, respectively. The v, values were
111 and 184 mol/m® for MBDPP/TPTMP and MBDPP/PETMP membranes,
respectively, following the same trend as that of Tg. The DMA results demonstrated that
the cross-linking density was dependent upon the functionality of monomers, further

affecting the E’ and T,.
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Table 2. Thermo-mechanical parameters of MBDPP/TPTMP and MBDPP/PETMP

membranes
Samples T, (°C) E’at-40°C E’atTg+30°C Ve (mol/m?)
(MPa) (MPa)
MBDPP/TPTMP 7 1803 0.86 111
MBDPP/PETMP 13 1949 1.45 184

3.7. Tensile properties

Fig. 4c gives the tensile stress-strain profiles of MBDPP/TPTMP and
MBDPP/PETMP membranes. Both the MBDPP/TPTMP and MBDPP/PETMP
membranes exhibited typical stress-strain profiles with yield behaviors. Specifically,
MBDPP/TPTMP membrane showed a tensile strength of 4.98 MPa and an elongation
at break of 39%, while MBDPP/PETMP membrane displayed a tensile strength of 6.28
MPa and an elongation at break of 43%. The MBDPP/PETMP membrane had superior
tensile strength over the MBDPP/TPTMP one, which could be ascribed to the higher
cross-linking density of the former system. Additionally, the elongation at break of both
the membranes was around 40%, suggesting the good flexibility of these membranes.
In order to observe the flexibility of the membranes more intuitively, the digital photos
of MBDPP/TPTMP and MBDPP/PETMP membranes was displayed in Fig. 4d, both
the membranes presented great flexibility. Taking the low tensile strength and the high
flexibility into account, the MBDPP/TPTMP and MBDPP/PETMP systems are suitable
as intrinsic flame retardant coating materials.

3.8. Optical properties



UV-Vis spectroscopy was employed to evaluate the optical performance of the
samples. Fig. 4e provides the UV-Vis spectra of MBDPP/TPTMP and
MBDPP/PETMP membranes (3.0 mm). Both the membranes exhibited high
transmittance (> 85%) beyond 500 nm, manifesting the good transparency in the visible
region that was evidenced by the photographs in Fig. 4f. Both the membranes displayed
almost zero transmittance in the ultraviolet region (< 350 nm), implying its potential
application as UV protection membranes. MBDPP/TPTMP and MBDPP/PETMP
membranes showed a very slight yellow color, which was probably caused by the
degradation product of the photo-initiator [21].

3.5. Flame retardant properties

Flame retardant properties of MBDPP/TPTMP and MBDPP/PETMP membranes
were assessed by the open flame test. Fig. 5 depicts the screenshots of MBDPP/TPTMP
and MBDPP/PETMP membranes exposure to an alcohol burner. During the exposure
to the open flame for 10 s twice, both MBDPP/TPTMP and MBDPP/PETMP
membranes showed immediate self-extinction performance when removing the flame

source, manifesting excellent intrinsic anti-flammability.
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Fig. 5. Screenshots of MBDPP/TPTMP and MBDPP/PETMP membranes exposure to
open flame

Cone calorimeter has been regarded as one of the most effective bench-scale
apparatus to provide multiple flammability parameters [22-27]. Fig. 6a gives the heat
release rate (HRR) versus time plots of MBDPP/TPTMP and MBDPP/PETMP
membranes, and Table 3 summarizes the relating data. A single HRR peak was visible
from 30 to 250 s for MBDPP/TPTMP and MBDPP/PETMP membranes, with the time
to ignition (tig) value of 26 and 30 s, respectively. The MBDPP/TPTMP and
MBDPP/PETMP membranes behaved the peak HRR (PHRR) value of 419 and 388
kW/m?, respectively. The total heat release (THR) of MBDPP/TPTMP and
MBDPP/PETMP membranes was 41.38 and 38.98 MJ/m?, respectively (Fig. 6b). The
PHRR and THR values of MBDPP/TPTMP and MBDPP/PETMP membranes were

relatively lower than most of the photo-polymerized systems previously reported [14,



28-31] (Fig. 6c), demonstrating their effectively intrinsic anti-flammability.
Additionally, the PHRR and THR values of MBDPP/PETMP were lower than those of
MBDPP/TPTMP, which was attributed to the better carbonization ability induced by
the higher crosslinking density. Furthermore, the high char residues of 21.4 wt% and
26.3 wt% were observed for MBDPP/TPTMP and MBDPP/PETMP, respectively (Fig.
6d), indicating the predominant mode of action in the condensed phase. As shown in
Fig. 6e and 6f, both the MBDPP/TPTMP and MBDPP/PETMP membranes exhibited
very similar total smoke production (TSP) and peak smoke production rate (SPR)
values. Such low TSP and peak SPR values suggested the high fire safety characteristics
of MBDPP/TPTMP and MBDPP/PETMP membranes, which was favorable to fire
rescue and casualty reduction.

The pyrolysis combustion performances of MBDPP/TPTMP and MBDPP/PETMP
membranes were further evaluated by MCC test[32, 33]. The heat release rate (HRR)
curves of MBDPP/TPTMP and MBDPP/PETMP were shown in Fig. S1, and several
key flammability parameters of the membranes including peak heat release rate (PHRR),
total heat released (THR), and temperature at PHRR (T}) were summarized in Table S1.
as shown in Fig. SI, the pyrolysis HRR curves of MBDPP/TPTMP and
MBDPP/PETMP presented similar shape and close THR and T, values, except for that
the PHRR value of MBDPP/PETMP (196.5 W/g) was lower than that of
MBDPP/TPTMP (216.2 W/g), indicating better flame retardant performance of

MBDPP/PETMP.



(a) a0 (b)
400
a [—=— MBDPP/TPTMP] & 3
£ 300 —e— MBDPP/PETMP =
> I =
E 2 20 —=— MBDPP/TPTMP
= 200 — —e— MBDPP/PETMP
[ &
£ 100 T 10+
s =
0 N 0 T T T T T T T T T T T
0 100 200 300 400 500 600 0 100 200 300 400 500 600
Time (s) Time (s)

o
=]

=2}
=]

1401 (¢) FRTE”® 100 |

120 |
'P1 00 | —=a— MBDPP/TPTMP
E L —e— MBDPP/PETMP
o) X 14 |
< 30 fIEP gTylP )
~—~ EP/HNTs-D*# YEP/HNTs

60 - |

% » ® HEP-PETMP"
= 404 * MAPs™

MBDPP/PETMP
20 (Thiswork)  ®EA207

[
=
1

(d)
— T * T+ T r r T T ' T T 1 T T T T T T T T T T T

0 200 400 600 800 1000 1200 1400 1600 0 100 200 300 400 500 600

PHRR (kW/m®) Time (s)

Residual mass (wt%)

=

(e) U]

=
ta
1
—
w

~

wn —_—

(\?" (o]

£ 0.2 g 10-

= ~ —=— MBDPP/TPTMP

m p—( —e— MBDFPP/PETMP
[7.0]

Ay _

7 01 =5

0.0 1 . ‘ 0 ; ; . r .
0 100 200 300 400 500 600 0 100 200 300 400 500 600

Time (s) Time (s)

Fig. 6. (a) HRR and (b) THR against time plots of MBDPP/TPTMP and
MBDPP/PETMP membranes; (c) Comparison of the PHRR and THR values of
MBDPP/PETMP membrane with the previously reported values of the counterparts;
(d) Mass loss, (e) TSP and (f) SPR against time plots of MBDPP/TPTMP and
MBDPP/PETMP membranes.

Table 3. Cone calorimetric data of MBDPP/TPTMP and MBDPP/PETMP membranes



Samples tig PHRR THR TSP (m?) Peak Residue
(s) (KkW/m?) (MJ/m?) SPR (Wt%)

(m?/s)

MBDPP/TPTM  26£1. 419+18. 41.38%1. 16.42+0.4 0.33£0.0 21.4%0.

P 8 9 4 8 2 7

MBDPP/PETM  30£2. 388+20. 38.98%l1. 16.60£0.3 0.31£0.0 26.3%0.

P 4 5 2 3 2 9

3.6. Flame retardant mechanism

The morphological features of the char residues could reflect the flame retardant
mode of action in the condensed phase[34, 35]. Fig. 7 a and 7b depicts the photographs
of the char residues of MBDPP/TPTMP and MBDPP/PETMP membranes after the
cone calorimeter measurement. It can be found that both the MBDPP/TPTMP and
MBDPP/PETMP membranes exhibited notably intumescent char residues. The original
thickness of the membranes was about 3 mm, and the height of the char residues was
more than 40 mm, implying more than 10 times of the expansion ratio. As is well known,
the expandable char residues play an efficient role in hampering the transfer of
flammable pyrolysis products to flame zone as well as insulating the heat irradiation.
Under the SEM observation, the char residues of both the MBDPP/TPTMP and
MBDPP/PETMP membranes showed an intact and dense surface, which further
strengthened the barrier effect. Thus, it can be concluded that both the MBDPP/TPTMP
and MBDPP/PETMP membranes are prone to form an intumescent structured char that

functioned as a physical barrier for combustible products and heat transfer, and further



enhanced the flame retardancy.
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Fig. 7. Photographs and SEM images of the char residues of (a) MBDPP/TPTMP
and (b) MBDPP/PETMP membranes after the cone calorimeter measurement; (c) The
full-scan XPS spectra of the char residues of MBDPP/TPTMP and MBDPP/PETMP
membranes; The high-resolution C1s XPS spectra of the char residues of (d)

MBDPP/TPTMP and (¢) MBDPP/PETMP membranes.



The elemental compositions of the char residues of MBDPP/TPTMP and
MBDPP/PETMP membranes were investigated by XPS. Fig. 7c¢ shows the full-scan
XPS spectra of the char residues of MBDPP/TPTMP and MBDPP/PETMP membranes.
Both the char residues of MBDPP/TPTMP and MBDPP/PETMP membranes exhibited
several characteristic peaks including Cis (284.74 eV), Ois (532.86 eV), Sz (163.99
eV), P (192.48 eV) and Py, (134.42 eV), which accorded well with the elemental
compositions of MBDPP/TPTMP and MBDPP/PETMP membranes before combustion.
Table S2 summarizes the atomic percentage of each element in the char residues. It can
be found that the C/O ratio was 1.33 and 2.70 for the char residues of MBDPP/TPTMP
and MBDPP/PETMP membranes, respectively, which implied the char residues of
MBDPP/PETMP membrane had better thermal resistance. That was why
MBDPP/PETMP membrane showed higher char yield in the TGA test. The high-
resolution Cls XPS spectra of the char residues of MBDPP/TPTMP and
MBDPP/PETMP membranes are provided in Fig. 7d and 7e, and the corresponding
data are listed in Table S3. The high-resolution C1s XPS peak of both the samples could
be deconvoluted into three sub-peaks at 284.8, 286.2 and 289.0 eV, which were ascribed
to C-C/C=C, C-0O and C=0, respectively[36-40]. The ratio between unoxidized carbon
atoms (C-C/C=C) and oxidized ones (C-O and C=0) is generally utilized to assess the
thermal oxidative resistant behavior of carbonaceous materials [41, 42]. The ratio
between unoxidized carbon atoms and oxidized ones was calculated to be 1.57 and 2.20
for the char residues of MBDPP/TPTMP and MBDPP/PETMP membranes,

respectively, which also indicated the better thermal resistance of the char residues of



MBDPP/PETMP membrane.

The graphitization degree of char residues after combustion was also utilized to
evaluated the fire safety of polymeric materials[43]. Raman spectroscopy was
performed to further observe the graphitization degree of MBDPP/TPTMP and
MBDPP/PETMP membranes. As shown in Fig. 7f and 7g, the Raman spectrum of
MBDPP/TPTMP and MBDPP/PETMP membranes likely presented two special bonds
located at 1351 cm™! (D bands) and 1598 cm! (G bands). The graphitization degree was
obtained from the intensity ratio of D to G band (Ip/Ig), and lower Ip/Ig value indicates
higher graphitization degree, and higher thermal and flame retardancy as well[44, 45].
The Ip/lg values of MBDPP/TPTMP and MBDPP/PETMP were 3.48 and 3.24,
respectively. It seems that MBDPP/PETMP possessed a lower Ip/lg value, implying
better shielding effect and condensed phase flame-retardant effect.

Based on the above analyses of thermal degradation and combustion behaviors as
well as the condensed phase of the flame retardant MBDPP/TPTMP and
MBDPP/PETMP membranes, a possible flame-retardant mechanism is proposed (as
shown in Scheme 2). Once exposed to heat or flame, the MBDPP segment in the
skeleton of MBDPP/TPTMP or MBDPP/PETMP matrix would firstly decompose to
form phosphoric acid or polyphosphoric acids, which plays better catalytic effect on
promoting the dehydration of the membrane matrix to form a stable carbonaceous char
layer on the surface of the membranes. During combustion process, the formed char
layer could act as a physical barrier which not only protect the inside membrane from

attacks of outside flame and heat, but also restrain the volatile flammable gases



including aromatic compounds and hydrocarbon, etc. escape from the membrane to the
flame zone to feed the combustion, and isolate oxygen as well. Hence, the thermally
stable char layers could block the heat and mass transfer between outside flame zone

and underlying substrate, resulting in the improvement of fire safety.

Flame Retardant Mechanism
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Scheme 2. The flame retardant mechanism of MBDPP/TPTMP and MBDPP/PETMP
polymer films

4. Conclusion

In summary, a magnolol-derived bis(diphenyl phosphate) (MBDPP) monomer was
successfully synthesized and characterized, and subsequently photo-cured with tri-thiol
(TPTMP) or tetra-thiol (PETMP) monomers via thiol-ene polymerization. DMA results
demonstrated that MBDPP/PETMP behaved higher storage modulus and T, than
MBDPP/TPTMP owing to the higher cross-linking density of the former system. TGA
results manifested that MBDPP/TPTMP and MBDPP/PETMP membranes possessed
excellent charring capacity under both air and nitrogen atmospheres. MBDPP/TPTMP

and MBDPP/PETMP membranes presented exceptional intrinsic anti-flammability, as



evidenced by the open flame test and the cone calorimeter measurement. These
membranes were prone to form an intact, dense and expanded carbonaceous layer
during combustion, and this carbonaceous layer could serve as an effective barrier for
flammable pyrolysis products and heat irradiation, thus accounting for the exceptional
intrinsic  anti-flammability. In addition, MBDPP/TPTMP and MBDPP/PETMP
membranes also possessed good flexibility and high transparency. These fascinating
comprehensive properties make these bio-based membranes promising candidates for
intumescent flame retardant and transparent coating application.
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