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anovel DOPO-based oligomer*
Peng Wang, Fusheng Yang, Liang Li, Zaisheng Cai*
College of Chemistry, Chemical Engineering and &thology, Donghua University, Shanghai

201620, PR China

Abstract: A novel 9, 10-dihydro-9-oxa-10-phosphaphenanthret0-oxide (DOPO)-based
oligomer indicated as PDAP was synthesized via riheleophilic addition reaction between
DOPO and imine obtained from the condensation imacof terephthalaldehyde and
p-phenylenediamine. The chemical structure of PDAR wharacterized by FTIRH-NMR and
3p_NMR. The PDAP serving as co-curing agent of 4jidminodiphenylmethane was employed
to develop epoxy resins with highly improved flametardancy. The thermal stabilities,
flame-retardant and mechanical properties of eplogymosets were studied by thermogravimetric
analysis (TGA), limiting oxygen index (LOI) measorent, UL-94 test, dynamic mechanical
analysis (DMA) and tensile test. The flame-retatdaechanism of epoxy thermoset modified
with PDAP was investigated by FTIR, Py-GC/MS, SERddaser Raman spectroscopy. The
results showed that with the incorporation of 7 WBBAP, the modified epoxy thermoset
achieved a LOI value of 35.3% and V-0 rating in B4-test. Interestingly, all the modified
thermosets showed blowing-out effects during ULt8gt. The flame-retardant mechanism was
attributed to the quenching effect of phosphorust@ioing free radicals and diluting effect of
nonflammable gases in the gas phase, and the format phosphorus-rich char layers in the
condensed phase. Furthermore, the results of DMtemsile test revealed that the incorporation
of PDAP decreased the glass transition temperatigltly, and meanwhile improved the tensile

strength of epoxy thermoset.
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1. Introduction

Epoxy resin, as one of the most prominent thernioggbolymers, possesses outstanding
advantages such as low shrinkage, high tensilagitregood adhesion and insulation property,
and excellent chemical corrosion resistance, whiake it widely used in laminates, adhesives,
surface coating materials, molding compounds, meleironic materials, printed circuit boards
and matrices for advanced fiber-reinforced compedit]. However, just like other polymer
materials, its highly flammable nature has severetyricted its further applications [d]herefore,
it is imperative to develoftame retarded epoxy resin to broaden its appboatin the fields
requiring remarkable flame retardancy.

Over the past decades, halogenated compounds, &itlheactive co-reactants or additives,
have been widely utilized to develop epoxy resiith superior flame retardancy. Unfortunately,
the use of such system is often accompanied bryethase of corrosive or toxic gases during
combustion, which could do harm to the environnj@nd]. Therefore, many efforts have been
dedicated to the flame-retardant modification adgpresins with halogen-free flame retardants
such as boron- [3, 5], aluminum- [6, 7], silico8; ], phosphorus-containing compounds [10, 11]
and nano-scaled fillers including clays [12, 18}dred double hydroxides [2, 14], graphene [15,
16] and Mo$[17]. Thereinto, the organophosphorus-based systenatiracted great attention
from both industrial and academic research stunligsng to its low toxicity during combustion
and outstanding flame-retardafifieiency.

Recently, 9, 10-dihydro-9-oxa-10-phosphaphenan#if€hoxide (DOPO), as a
phosphorus-based flame retardant, has receivetlla@tention due to the multiple structural
diversification by functionalization [4]. The actilhydrogen of DOPO can react with a variety of
electron-deficient compounds containing imine [11§;2naleimide [22, 23], phosphazene [24, 25],
silsesquioxane [26, 27], triazine [28, 29], trigztnione [30, 31] and phosphate [32, 33] structures
leading to various DOPO-based derivatives. Thesgaliwes, either as reactive hardeners or
non-reactive additives incorporated into epoxy ioaff; have endowed epoxy resins with
improved flame retardancy due to the synergisfiecef

Amongst the aforementioned compounds, DOPO-basidtiees by covalently bonding

DOPO and imine (DPI), with the secondary aminéharolecular structure, have captured
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tremendous interest toward researchers. They caule as co-curing agents for epoxy resins,
which not only remarkably improve the flame retar@ladue to phosphorus-nitrogen synergism,
but also endow modified resins with other impropeopertiesMany efforts have been made on
developing flame retarded epoxy resins based ugtinYao et al. synthesized a series of DPIs,
which noticeably improved the flame retardancymd»y thermoset at a low phosphorus content
(1.0 wt%) [20, 21]. Xu et al. reported a highlyesftive flame retarded epoxy resin cured by a DPI
co-curing agent, and the glass transition tempexdly) of modified thermoset decreased slightly
compared to that of pure epoxy thermoset [18]. Ntbstanding the above researches which have
proven that epoxy resin with improved flame retaracan be achieved by DPI, the flame-
retardant efficiency could be further enhanced dyetbping novel DPI oligomers with richer aryl
group structure and higher phosphorus content. M@ further studies are needed to understand
the flame-retardant mechanism of DPI in epoxy regensively.

In this work, a novel DPI oligomer indicated as FDAvas synthesized by nucleophilic
addition of DOPO on the imine linkage. The as-predaPDAP serving as co-curing agent was
utilized to improve the flame retardancy of epoegin. The performances of the corresponding
thermosets in terms of thermal stability, burningh&évior have been studied by thermal
gravimetric analysis (TGA), limiting oxygen index@l) measurement and UL-94 test. The
flame-retardant mechanism of the modified epoxyrrtiusets was investigated by FTIR,
Py-GC/MS, scanning electron microscopy (SEM) arsgtleRaman spectroscopy. Moreover, the
mechanical properties of epoxy thermosets wereuated by dynamic mechanical analysis

(DMA) and tensile test.

2. Experimental
2.1. Materials

9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-0X@@®PO) was kindly supplied by
Jiangyin Hangfeng Technology Co., Ltd. (Jiangsun&h and recrystallized from ethanol before
use. Terephthalaldehydep-phenylenediamine, 4, 4’-diaminodiphenylmethane KDD ethanol
and N, N-dimethylformamide (DMF) were all reagemdde and purchased from Sinopharm

Chemical Regent Co., Ltd. (Shanghai, China). Epasin (DGEBA, commercial name: E-44,
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with an epoxy value of 0.44 mol/100g) used hereisms vobtained from Nantong Xingchen
Synthetic Material Co., Ltd. (Jiangsu, China).
2.2. Synthesis of PDAP

PDAP was prepared by a two-step synthetic metasdlustrated irScheme 1. Firstly, the
intermediate coded as PSB was synthesized by aalypbndensation reaction. Specifically,
terephthalaldehyde (5.36 g, 0.04 mol) dissolvecktimanol (80 mL) was added to a 250 mL
three-necked round flask equipped with a magneitices and a reflux condenser. The mixture
was then raised to 8%. Subsequentlyp-phenylenediamine (4.32 g, 0.04 mol) dissolved in
ethanol (80 mL) was added dropwise into the flagtkivv 30 min. The solution was stirred at 85
°C for 6 h. Finally, the reaction mixture was fikld washed with ethanol, and dried at®@0for
24 h in a vacuum oven. The brick-red solid (PSB$ vexovered (7.95 g, yield: 96.5%). Secondly,
the PDAP was synthesized through the nucleophdliten reaction between DOPO and PSB.
Specifically, a 250 mL three-necked round flaskippged with a magnetic stirrer and a reflux
condenser was charged with DMF (80 mL), PSB (4.12argl DOPO (8.64 g, 0.04 mol). The
reaction mixture was heated to 180 and stirred at 100C for 24 h. After cooling to room
temperature, the reaction mixture was poured itbharel (80 mL). Finally, the mixture was
filtered, washed with ethanol thoroughly, and dr&d0°C for 24 h in a vacuum oven. The light
yellow solid (PDAP) was obtained (12.17 g, yiel8.4%). Elemental analysis values: C, 71.34%;
H, 4.56%; N, 4.70%; P, 9.17%. Calculated valueq@gH2s04N2P,)n: C, 71.47%; H, 4.42%; O,
10.02%; N, 4.39%; P, 9.70%.
2.3. Preparation of epoxy ther mosets

Flame retarded epoxy thermoset (FREP) was prepaaed thermal curing reaction among
DGEBA, DDM and PDAP. Briefly, PDAP and DDM were ratk at 12F°C for 30 min, then the
homogenous solution was cooled to°@0 Subsequently, DGEBA was added into the mixtume: a
blended at 96C for 10 min. After that, the reaction mixture wasured into the pre-heated PTFE
molds and degassed in a vacuum oven afCdor 5 min. The mixture was subsequently cured in
a convection oven at 12 for 2 h and then post-cured at 1%®Dfor 2 h. Thereafter, the FREP
was permitted to cool slowly to room temperatuneglider to prevent cracking. According to the

stoichiometric ratio of the reactive groups, theoamnt of NH functionalities of DDM and PDAP
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were equal to the sum of epoxy groups in DGEBA. Gbetrol sample, was also prepared under
similar processing conditions but without PDAP. Toanulations of epoxy thermosets are listed
in Table 1.

2.4. Characterization

All NMR spectra were performed at room temperatomea Bruker Avance Spectrometer
(400 MHz) using DMSQH; as a solvent. Th&'P-NMR spectrum was measured without proton
decoupling.

Elemental analysis of carbon, hydrogen and nitrogere carried out with an Elmentar Vario
EL Il elemental analyzer (Elementar Analysensysge@mbH, Germany). The phosphorus
content was analyzed by an inductively coupledméatomic emission spectrometer (Leeman
Prodigy, USA).

Fourier transform infrared (FTIR) spectra were reed between 400 chand 4000 cil
with a resolution of 4 cthon a Varian 640-IR spectrometer (Varian, USA). Bes were mixed
with KBr and pressed into pellets.

Limiting oxygen index (LOIl) measurement was conddcbn an oxygen index instrument
(ATS FAAR, Italy) according to ASTM D2863-06 withd sheet size of 130 mmx6.5 mmx3 mm;
The vertical burning test (UL-94 test) was perfodnweith the specimen size of 130 mmx12.7
mmx3 mm according to GB/T 2408-2008.

Thermogravimetric analysis (TGA) was carried oungsa TG 209 F1 thermal analyzer
(NETZSCH, Germany) with a heating rate of @min from 30°C to 800°C under an air or a
nitrogen flow of 20 mL/min. The sample of about ;1§ was measured in an alumina crucible.

Py-GC/MS analysis was performed using a FRONTIER2BX0ID Pyrolyser coupled to a
SHIMADZU GC-MS QP-2010 Ultra. The sample weight wasout 2.0 mg, and the pyrolysis
temperature was 60TC. The carrier gas (Helium) flow (1 mL/min) was sjti a ratio of 1:30
before being introduced into the gas chromatografte volatile pyrolysis products were
separated on a 30 m HP DB-5MS capillary column50rin diameter, 0.2pm film thickness).
For the separation, the following heating prograaswsed: 3 min at 4, and then heated up to
300°C at a rate of 18C/min and maintained at 36G for 10 min.

Scanning electron microscopy (SEM) observation laraesidue after UL-94 vertical test
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was conducted using a Hitachi TM-1000 scanningtelaanicroscope at an acceleration voltage
of 20 kV with a magnification of 300 times. All sptas were sputter-coated with gold prior to the
observation.

Laser Raman spectroscopy measurement was obtainedom temperature using a
SPEX-1403 laser Raman spectrometer (SPEX, USA) with excitation provided in
backscattering geometry by a 623 nm argon laser lin

Dynamic mechanical analysis (DMA) test was perfatrirethe single-cantilever mode on a
DMA Q800 instrument (TA, USA) from 36C to 230°C at a heating rate of 1%T/min, with a
frequency of 1 Hz and an amplitude of @®. The sample dimensions were 35 mmx6.5 mmx3
mm. Three measurements were conducted for eachvsgec

The tensile test was measured with a H10K-S nadseuniversal testing machine (Tiniius
Olsen, USA) complying with ASTM D638-08 at a comgtaross-head speed of 5 mm/min. The

results were averaged from eight measurements.

3. Results and discussion

3.1. Synthesisand characterization of PDAP

The synthetic route of PDAP is illustrated Stheme 1. As an intermediate, PSB was first
prepared by the condensation reaction betweenhrapldehyde anp-phenylenediamine. Then,
the final product PDAP was synthesized through rbeleophilic addition reaction between
DOPO and PSB. The chemical structure of PDAP wasacterized by FTIR'H-NMR and
¥P-NMR.

Fig. 1 shows the FTIR spectra of DOPO, PSB and PDAmdrspectrum of DOPO, the peak
at 2434 crit belongs to the stretching vibration of P-H bond.f8r PSB, the peaks at 1613tm
and 1692 ci correspond to stretching vibrations of C=N and Gx@ds respectively. In the case
of PDAP, several absorption peaks including 330H}N1593, 1475 (P-&), 1299(C-N), 1232
(P=0) and 1202, 919 (P-Ox@ appear, while the characteristic peaks of P-HdbiorDOPO and
C=N bond in PSB vanish, suggesting that the PDAB haen synthesized successfully.
Furthermore, in the spectrum of PDAP, the peak &t0lcm' is assigned to the stretching

vibration of C=0 bond in the terminal aldehyde grpwhich will be further confirmed by
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'H-NMR.

The 'H-NMR spectra of DOPO, PSB and PDAP are describdeig. 2. As to DOPO, the
peak at 8.83 ppm belongs to the proton in —-PHegard to PDAP, the peaks at 6.1 ppm to 8.6
ppm are attributed to the protons in the benzemg iThe proton signal in —NH- appears at 5.4
ppm to 6.1 ppm. The signal at 4.7 ppm to 5.4 ppmesponds to the proton in methine connected
with phosphorus, indicating that the reaction betwée P-H bond in DOPO and C=N bond in
PSB takes place. Additionally, the peak at 9.8 jgassigned to the proton in the terminal —CHO.

Fig. 3 depicts thé'P-NMR spectra of DOPO and PDAP. It is noteworthat thvo peaks at
28.65 ppm and 31.84 ppm show up, while no peakgraess to DOPO appear in tH&P-NMR
spectrum of PDAP. The two peaks in the spectruP@AP may be ascribed to the formation of a
stereoisomer with unequal phosphorus peaks, otiggndrom the steric hindrance of the bulky
and rigid DOPO pendant. Based upon the resultsirggtarom FTIR,"H-NMR and*P-NMR
spectra, it is reasonable to believe that the PBad¢been successfully synthesized.

3.2. Thermal stabilities of epoxy ther mosets

Thermogravimetric analysis (TGA) was utilized taidst the thermal stabilities of epoxy
thermosets. The thermogravimetric (TG), derivativermogravimetric (DTG) curves in air and
nitrogen atmosphere are shownFig. 4. Some important parameters, including the 5 wt%sama
loss temperatureTky), the maximum mass loss raké.f,), the temperature &« (Trax), and the
char yield at 706C are listed ifTable 2.

As shown inFig. 4(a), the main thermal degradation process of purenEdrioccurs in two
stages withT» at 368.6C and 556.6C respectively, leaving little char residue at 700 The
first thermal decomposition takes place between’G0énd 470FC, corresponding to the thermal
oxidative degradation, including scission of thepi®pylidene linkage and the branching and
crosslink reactions of molecular chains. The sestage appears from 470 to 700°C, which is
attributed to the further oxidation decompositidncbar residues [34]. In regard to FREP, the
thermal degradation behavior is similar to thapofe EP in air. As presentedTable 2, the Tz,
value of FREP decreases with the increase of PIbalRent. Specifically, th&se, value decreases
from 330.6°C for EP to 314.5C for EP/PDAP4, and to 294°C for EP/PDAP10. It is possible

that the P-C bond in PDAP moiety is less thermatlyble than the common C-C bond, and
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moreover the steric hindrance effect induced by libkky and rigid DOPO group in PDAP
decreases the cross-linking density of thermo€t38]. These two factors possibly account for a
lower Tsy, for thermosets modified with PDAP. Additionallyi BREPs reserve higher char yields
at 700°C compared to EP. This may be explained by thetfattthe early degradation of PDAP
moiety produces phosphorus-based acid, which readitls the decomposing matrix by
esterification and dehydration to promote the fdromeof char layer [4, 37].

In the nitrogen atmosphere, as showfiig 4(b), it is clear that the degradation processes of
all epoxy thermosets differ from those in air, eeflng in a one-step thermal degradation profile.
However, the PDAP incorporated into epoxy thermadsd leads to the decreaseTey, and the
increase of the char yield at 780. For example, as shown Table 2, the char yield at 708 for
EP is only 17.5%, while that of EP/PDAP7 increadesstically to 24.0%. In addition, the
incorporation of PDAP brings about a sharp decrefsé,,, and it decreases from 1.31@/for
EP to 0.87%C for EP/PDAP10, implying that the FREP tends tarf@ more compact char layer
during the thermal degradation, which can providedyinsulation to the underlying matrix from
the heat, thus resulting in a considerable decrefdgg.,.

Based on the above analysis, it is reasonablete 8tat the incorporation of PDAP into the
epoxy matrix promotes the formation of char layghich can provide a thermally insulating
barrier and inhibit the further decomposition oé tipoxy matrix, leading to higher char yield at
elevated temperatures.

3.3. Flame-retardant properties of epoxy ther mosets

LOI and UL-94 tests are effective methods in evitigaflame retardancy, and have become
the main criteria in the polymer industry. The teswf flame retardancy measurements are
presented iTable 3.

The LOI value of pure EP is found to be 25.3%, Wwhitcreases following the increase of
PDAP content in the epoxy thermoset. Specificalhe LOI value raises from 33.7% for
EP/PDAP4 to 35.3% for EP/PDAP7, and to 37.7% fofPEFAP10. In terms of UL-94 test, pure
EP has no rating due to its serious burning dripd Bng burning times, while all FREPs
extinguish spontaneously during vertical burningt.tdt achieves V-0 rating when the mass

fraction of PDAP reaches 7 wt% in the epoxy themhoShese results manifest that the
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incorporation of PDAP can improve the flame retajeof the epoxy thermoset efficiently.

To visibly observe the difference of flammabilitiharacteristics between EP and FREPs, a
digital camera was employed to record the burniegaliors of EP and FREPs during vertical
burning test. The video screenshots of EP and FRIERsg combustion are presented-ig. 5. It
is noteworthy that EP is ignited quickly, and tHamrns aggressively with serious flaming drips,
indicating its highly flammable nature. In contrest FREPs exhibit auto-extinguishable features,
and moreover the average burning time of FREP deesewith the increase of PDAP content,
suggesting its improved flame retardancy. Uponeclimspection of video screenshots, it is of
interest to note that all the flaming FREPs aremgegly blew out by the ejected pyrolytic gases
from the surface of char layers. Similar phenomenas also observed previously by Zhang et al.
in epoxy resin modified with DOPO-POSS during costtmn [26, 38]. This interesting
phenomenon, suggested by Zhang et al., was namethblout effect.

3.4. Flame-retar dant mechanism

It is generally accepted that the phosphorus-béisedk retardant plays important role in
flame inhibition in the gas phase and char enhasoéin the condensed phase. Thus, to elucidate
the flame-retardant mechanism, it is essentiant@stigate the properties of the carbonaceous
layer and the volatile products during the therderadation of FREP.

3.4.1. Thermo-oxidative degradation behaviors of epoxy thermosets

To explore the flame-retardant mechanism of FRERercondensed phase, the FTIR spectra
at different temperatures were utilized to detéet details of the thermo-oxidative degradation
behaviors of PDAP, EP and EP/PDAP7. Samples wenantily treated at a heating rate of 10
°C/min in a mtifle furnace in air. The residues were collected wheated to specified
temperature, mixed with KBr (the mass ration ofratesidue to KBr is 1:150), and characterized
by FTIR.

Fig. 6 showsthe FTIR spectra of PDAP at different temperatufgs25 °C, several peaks
including 1593, 1475 cth(P-Gy), 1232 cnit (P=0), 1202, 919 cth(P-O-G,) and 754 cm
(Car-H deformation ofortho-substituted aromatic ring), assigned to the charistic absorptions
of DOPO group, are discerned. At 33D, the relative intensities of the absorption pediks to

DOPO group decrease, suggesting that DOPO moid®pDisP may be partly released to the gas
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phase. At 356C, some new peaks at 1635, 1098, 1054 and 530acenobserved in the spectrum,
which are attributed to the characteristic absorgtiof P-OH bond. Among these peaks, the peaks
at 1098 and 1054 chrorrespond to the formation of two P-OH bonds,datihg the existence of
phosphorus structures with two free OH groups. desithe peak at 1155 ¢iis also detected,
possibly related to R(OKP=0 group [39, 40]. These results suggest that gitwg or
phosphonic acid may be formed during the early atggion of PDAP. When the temperature
increases to 456C, some new peaks at 905 and 510" ame observed. The peak at 510°cm
belongs to the bending vibration of O-P-O bond, #mel peak at 905 chis assigned to the
stretching vibration of P-O-P bond originating fréne dehydration of P-OH bond, indicating the
formation of polyphosphoric acid. Based on the a&bamalysis, it is reasonable to conclude that
phosphoric or phosphonic acid may be formed dutiregearly degradation of PDAP, and then
converted to polyphosphoric acid due to the furthermal degradation of PDAP.

Fig. 7(a) shows the FTIR spectra of EP at different tempeeat The FTIR spectrum at room
temperature is identified by the characteristicogbisons of 3440, 2964, 2871, 1609, 1510, 1460,
1362, 1245, 1181, 1037 and 829 trfihe relative intensities of characteristic peakEP decline
sharply between 338C and 500°C, suggesting that the main degradation takes lacéhis
temperature range, which is in accordance withTBa results. It is worth noting that two peaks
at 1728 crit and 1657 cr appear at 356C, corresponding to the stretching vibrations of
carbonyl and amide group respectively. The forrmatibcarbonyl group results from oxidization
of the secondary alcohol groups in cured resin, [dal the amide group stems from oxidation of
the o amino carbon belonging to the DGEBA segments [E@fthermore, when the temperature
is above 500°C, the aromatic ring C=C stretching vibration a®0361510 and 1460 ch
disappear, while a new broader peak at 1594 appears, indicating the formation of
polyaromatic carbons by crosslinking [10].

The FTIR spectra of the EP/PDAP7 dtelient temperatures are presenteBig 7(b). The
FTIR spectra of EP/PDAP7 between room temperatuies@0°C are similar to those of EP
except for the absorption peak at 754 cifhe peak at 754 chattributed to G-H deformation
vibration from theortho-substituted aromatic ring derives from the DOP@ugrin PDAP moiety

[4, 43]. The other characteristic peaks originatiogn the DOPO group are not identifiable in the
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FTIR spectrum of EP/PDAP7, probably due to the laypging of the absorptions of epoxy matrix.
The relative intensity of the peak at 754 tdecreases gradually when the temperature is above
330°C, implying that the DOPO group may be partly retzhto the gas phase due to the rupture
of P—C bond of PDAP moiety in EP/PDAP7.

When the temperature is above 5, some new peaks appear in the char residue of
EP/PDAP7. The peak at 1594 ¢ncorresponds to C=C stretching vibration of polyaatic
carbons, as mentioned above. The absorption ba®80atn’' belongs to the stretching vibration
of P-O-P bond, and the broad peak at around 528 israttributed to the bending vibration of
O-P-O bond [44]. What is more, the peak at 1096 isnassigned to the stretching vibration of
P-O-Cy bond[45]. In consideration of the fact that the thermadative degradation of PDAP can
produce phosphoric/phosphonic acid and polyphos$plaeid, it can be deduced that these acids
can react with the decomposing epoxy matrix byré&@tion and dehydration to promote the
formation of char residues.

Based upon the results obtained above, it is redide to conclude that during the thermal
degradation of FREP, the acids originating from diegradation of PDAP moiety react with the
decomposing matrix, resulting in char layers witdtypromatic structures bridged by P-O-C and
P-O-P bonds [46]. The char layers can provide amthly insulating layer or barrier on the
surface of epoxy matrix, which can reduce heat@ydjen transmission into the material, thus
endowing the epoxy thermoset with improved flantardancy in the condensed phase.

3.4.2. Pyrolysis behaviors of epoxy thermosets

To gain insight into the flame-retardant mechanidr@REP in the gas phase, the Py-GC/MS
was employed to analyze the pyrolysis productstAP, EP and EP/PDAP7.

Fig. 8 gives the pyrogram and pyrolysis products of PDRfe main pyrolysis products of
PDAP are p-phenylenediamine, diphenyl, dibenzofuramphenylphenol and fluorene. The
formation of dibenzofuran, according to Balabanbwat al. [47], is ascribed to the splitting of
P—C and P-O bonds of DOPO-based derivative, whilgdaolysis step followed by scission of
P—C bond is attributed to the generationogfhenylphenol. The formation of these pyrolysis
products, especially dibenzofuran, can be regarded a sign for production of

phosphorus-containing fragments in the gas phase.
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Fig. 9 shows the pyrograms of EP and EP/PDAP7, and #igressl products are collected in
Table 4. As shown inTable 4, the main pyrolysis products of EP are phenokopiopylphenol,
4-isopropenylphenol, 4-(2-phenylpropan-2-yl) pherimethyl-4-(2-phenylpropan-2-yl) phenaol,
4-(2-(benzofuran-5-yl) propan-2-yl) phenol and 4méthylenebis (N, N-dimethylaniline). The
pyrolysis products of EP/PDAP7 are similar to thoE&P, whereas the relative areas of pyrolysis
products have been greatly altered. The incorgmraidf PDAP into epoxy thermoset induces the
decomposition of the epoxy matrix, resulting in thkease of larger chain segments. For example,
the relative areas of products witilz 228,252, 240 and 254 increase from 0.47%, 3.24%, 3.67%
and 2.14% for EP to 17.85%, 5.85%, 5.18% and 3.1@¢EP/PDAP7 respectively. Similar
results were obtained in the pyrolysis of epoxyrimsets containing DOPO [48] and
DOPO-based derivative [45].

It should be noted that some volatiles includinghéinyl, dibenzofuran anatphenylphenol,
which appear in the pyrolysis products of PDAPurda the pyrolysis products of EP/PDAP7,
suggesting that phosphorus-containing fragments @xithe gas phase as mentioned previously.
These phosphorus-containing fragments, such asaR@OPQ-, can scavenge the H and OH free
radicals in the flame, and inhibit the free radichhinreaction of combustion. Moreover, the
pyrolysis products of EP/PDAP7 include nitrogenteaming compounds, which can be
decomposed to nonflammable gases during combuskioa.nitrogen-containing nonflammable
gases combined with GQran dilute ignitable gases and cut off the supglyoxygen, thus
exerting flame-retardant effect in the gas phaseohclusion, the flame-retardant mechanism in
the gas phase is ascribed to the quenching effephasphorus-containing free radicals and
diluting effect of nonflammable gases.

3.4.3. Morphology and structure of residual char

The digital photos of char residues after vertlmadning test were recorded by a camera as
shown inFig. 10(a). Pure EP shows bits of residual char with a fragary morphology, whereas
all FREPs exhibit relatively intact char layers. fdlaver, in regard to FREPS, it is of interest to
note that some cracked holes are observed on tfecaswf char residues, which are ascribed to
the ejected pyrolytic gases from the surface of thaer during combustion.

To get more details about the char residues, teeomiorphology of the interior and exterior
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char layers corresponding to the blue box in tigéaliphotos were investigated by SEM as shown
in Fig. 10(b) andFig. 10(c). Similar to the results observed in the digitabjols, pure EP reveals a
incompact and cracked surface, suggesting itsnsitripoor flame retardancy. In contrast, the
exterior char layers of FREPs present integral,pammhand intumescent structures. It is of interest
to note that the interior char layers of FREPs shHmmeycombed cavity structures with
considerable holes. This integral, compact andnetcent char layer with honeycombed cavity
inside can serve as a thermal insulation layer, aodumulate pyrolytic gases containing
considerable phosphorus-containing free radicats ramflammable gases. When the amount of
pyrolytic gases exceed the holding capacity ofdhar layer, the pyrolytic gases containing free
radicals such as PO- andf@nd nonflammable gases like £&e instantly released to blow out
the flame, leaving cracked holes on the surfaaghaf layer.

With a view to investigating the morphology of cHayer produced under inert nitrogen
atmosphere, the epoxy thermosets with the size2adf iom x 12.7 mm x 3.0 mm were heated
from room temperature to 60Q at a heating rate of £&/min in a mdifle furnace under nitrogen,
and permitted to cool slowly to room temperaturdee Thar residues were collected and recorded
by a digital camera as shownhing. 11. Pure EP exhibits a fragmentary and collapsed lelyar,
which is in accordance with its inferior flame-mglant property. In sharp contrast to EP, all
FREPs remain their shapes with cubic-like morphgl@nd present intumescent char layers. To
observe the inner char layers of FREPSs, the suithae layers were carefully stripped off by a
needle. Surprisingly, the internal structure ofideal chars for FREPs present huge cavities,
which can accumulate considerable pyrolytic gasBse formation of this compact and
intumescent char layer with huge cavity inside lbarspeculated as follows: when exposed to heat,
FREP tends to form a compact and integral char lapethe surface of matrix. The pyrolytic
gases originating from the thermal degradation lsaraccumulated in the char layer to form
intumescent structure, thus leading to the formatibintumescent char layer with cavity inside.

Laser Raman spectroscopy was employed to chazctbe structure and component of the
char residues. Samples were thermally treatechagting rate of 18C/min in a mifle furnace in
air. The solid residues were collected when hetieg@D0°C, and characterized by Laser Raman

spectroscopy as shown fiig. 12. All spectra exhibit two peaks at 1360 tifD band) and 1593
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cm® (G band), corresponding to the vibration of theboa atoms in disordered graphite or glassy
carbons and the carbon atoms in crystalligephite respectivelyf49]. The degree of
graphitization of the residual char can be caleddty a ratio of the integrated intensity of D and
G bands Ip/lg). Generally, a lowelp/ls value means a higher graphitization degree of the
resultant char [50]. The residual char with a highephitization degree is more conducive to
restrain the dfusion of heat and mass during pyrolysis due tdigher thermal stability and
compactness. As shown kig. 12, thelp/lg value follows the sequence of EP (2. 5&P/PDAP4
(2.42) >EP/PDAP7 (2.37% EP/PDAP10 (2.25), indicating that the residuarshof FREPs are
more cohesive and compact compared to that of pBrevhich isin accordance with the result
obtained by SEM observation. The residue with aemmwhesive and compact char layer is
beneficial for isolating the matrix from the heatdaoxygen, thus improving the flame retardancy
of epoxy thermoset.

Based upon the results obtained above, the flataedant mechanism of FREP is mainly
ascribed to the quenching effect of free radicald the diluting effect of nonflammable gases in
the gas phase, and the formation of phosphorusetieh layers in the condensed phase. More
specifically, the phosphoric/phosphonic acid andygwosphoric acid originating from the
degradation of PDAP moiety react with decomposimpxg matrix by esterification and
dehydration, resulting in char layers with polyaatim structures bridged by P-O-C and P-O-P
bonds. The phosphorus-rich char layers can prayidel insulation to the underlying matrix from
the heat and oxygen, thus playing flame retardidinacthe condensed phase. In the gas phase, the
pyrolysis of FREP produces phosphorus-containiagrfrents including PO and P@ee radicals,
and nonflammable gases such as, @@d nitrogen-containing nonflammable gases. TheaR®D
PO, free radicals can scavenge the H- and OH- inl#meef and the nonflammable gases can
dilute ignitable gases and cut off the supply ofgen, thus exerting flame-retardant effect.

The observed blowing-out effect during verticalring test may be explained as follows: as
illustrated inFig. 13, during combustion, a compact, intumescent andggiarus-rich char layer
with honeycombed cavity inside can be rapidly fodnes the surface of burning matrix, which
accumulates pyrolytic gases containing considerfigle radicals such as PO- and,RGnd

nonflammable gases like GOVhen the amount of pyrolytic gases surpass thdrtgpcapacity of
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the char layer, the pyrolytic gases are instardlgased to blow out the flame, leaving cracked
holes on the surface of char layer.
3.5. Mechanical propertiesof epoxy ther mosets

DMA was employed to investigate the dynamic meatalnbehaviors of epoxy thermosets.
The storage modulus and t&nersus temperature plots of epoxy thermosetstenersinFig. 14.
The storage modulus of neat EP at the initial teatpee (40°C) is 1,931 MPa, and it raises with
the increase of PDAP content and further react8¥7/2yIPa for EP/PDAP10. Similar results have
also been obtained in epoxy resins modified by D&@&ed derivatives [18, 35]. The bulky and
rigid DOPO units linked to the backbone of PDAP etpiincrease the rigidity of the epoxy
thermosets, thus leading to higher storage modiltise initial temperature.

The glass transition temperatufig)(is determined by the peak of tauieurve. As shown in
Fig. 14, EP shows d, of 171°C, and a slight decreaseTigis observed with the incorporation of
PDAP into epoxy thermoset. For example, Thef EP/PDAP4 is found to be 166, and that of
EP/PDAP7 is 165C. To explain this phenomenon, it should be natetl the large steric
hindrance of DOPO units may elevate the activagioergy of the curing reaction between curing
agent and epoxy resin, which reduces the crossxindtensity of epoxy thermoset [35], thus
resulting in the decrease Tf. However, the incorporation of the bulky and ri@@PO units also
inhibit the mobility of macromolecular chains, tre@mmpensating for the decrease of cross-linking
density [18, 51]. These two competing factors asponsible for a slight decreaselgf

To further evaluate the influence of PDAP on thehamical properties of epoxy thermosets,
the tensile strength and elongation at break okgfltermosets were measured. As showRi@
15, EP shows a tensile strength of 74.16 MPa, anagelion at break of 8.20%. The
incorporation of PDAP increases the tensile stiemftepoxy thermoset. Specifically, the tensile
strength increases from 77.32 MPa for EP/PDAP42d48 MPa for EP/PDAP7, and to 83.25
MPa for EP/PDAP10. As to the elongation at breakeduces gradually with the increase of
PDAP, from 7.71% (EP/PDAP4) to 7.36% (EP/PDAP7) tnf.21% (EP/PDAP10). This may be
attributed to the bulky and rigid DOPO units ategttio the backbone of PDAP moiety, resulting

in a polymer network with stronger restrictionarolecular motion.
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4. Conclusions

In this work, a novel DOPO-based oligomer indicaasdPDAP was synthesized through a
two-step reaction, and its chemical structure wasfioned by FTIR,'H-NMR, *P-NMR. The
as-prepared PDAP, serving as co-curing agent of Diddrporated into epoxy matrix, endowed
the epoxy thermoset with highly improved flame re#acy. With the incorporation of 7 wt%
PDAP, the epoxy thermoset achieved a LOI value5o8% and V-0 rating in UL-94 test. All the
modified epoxy thermosets showed blowing-out effekiring UL-94 test, which were ascribed to
the concentrated release of pyrolytic gases cantpiphosphorus-based free radicals and
nonflammable gases. The flame-retardant mechaniam aftributed to the quenching effect of
phosphorus-containing free radicals and dilutifigatfof nonflammable gases in the gas phase,
and the formation of phosphorus-rich char layersthiea condensed phase. Furthermore, the
incorporation of PDAP decreased tiiig slightly, and improved the tensile strength of >gpo

thermoset.
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Figure Captions
Fig. 1. FTIR spectra of DOPO, PSB and PDAP

Fig. 2. "H-NMR spectra of DOPO, PSB and PDAP in DMEQ-

Fig. 3. *P-NMR spectra of DOPO and PDAP in DM$#-

Fig. 4. TG and DTG curves of epoxy thermosets in aia¢a nitrogen (b) atmosphere

Fig. 5. Video screenshots of epoxy thermosets duringéinical burning test

Fig. 6. FTIR spectra of PDAP at different temperatures

Fig. 7. FTIR spectra of EP (a) and EP/PDAP7 (b) at difietemperatures

Fig. 8. Pyrogram of PDAP and corresponding pyrolysis potsi

Fig. 9. Pyrograms of EP and EP/PDAP7

Fig. 10. Digital photos (a) and SEM micrographs (b, c)h## thar residues after vertical burning
test

Fig. 11. Digital photos of epoxy thermosets before (a) aftdr (b, c) thermal degradation in
nitrogen

Fig. 12. Raman spectra of the char residues of epoxy trestso

Fig. 13. Schematic illustration for the blowing-out effeftFREP during combustion

Fig. 14. DMA curves of epoxy thermosets

Fig. 15. Tensile strength and elongation at break of epb&ymosets
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Table 1. Formulations of epoxy ther mosets

Composition (g)
Specimen PDAP (wt%) P (wt%)
DGEBA DDM PDAP
EP 100 21.82 0 0 0
EP/PDAP4 100 20.98 5.04 4 0.37
EP/PDAP7 100 20.31 9.06 7 0.64
EP/PDAP10 100 19.60 13.29 10 0.92
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Table 2. Thermal parameters of epoxy ther mosets

compes 0O Towc () Ve (0C) T
N, Air N, Air N, Air N, Air

EP 354.7 330.6 379.9 368.6, 556.6 1.31 1.48,0.45 17.5 0.5

EP/PDAP4 3269 3145 368.8 361.0, 598.5 0.96 ,033 22.6 1.0

EP/PDAP7 3154 303.2 364.6 356.3, 606.8 0.90 ,0” 24.0 1.2

EP/PDAP10 309.1 294.7 360.7 347.7,615.7 0.87 7,@.26 244 25
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Table 3. LOI value and UL-94 rating of epoxy ther mosets

UL-94, 3.0 mm bar

. LOI
Specimen 0
(%) t+1,2(s) Dripping Rating
EP 25.3 B& Yes No rating
EP/PDAP4 33.7 5.6+8.2 No V-1
EP/PDAP7 35.3 3.2+4.7 No V-0
EP/PDAP10 37.7 2.1+2.9 No V-0

21, andt,, average combustion times after the first andstwmnd applications of the flame.

®BC, burn to clamp.
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Table 4. Pyrolysis productsidentified in the pyrograms of EP and EP/PDAP7

Relative area (%)

No. m/z Assigned structure
EP EP/PDAP7
a 44 o—c—0 3.68 2.52
b 44 N 2.47 1.57
o]

c 58 P 1.12 0.96
d 118 ) 0.61 0.47
e 94 Q 25.27 16.43
f 121 < 0.96 1.84
g 132 )©:> 1.42 1.27
h 135 @< 0.98 1.17
[ 136 O< 6.99 8.68
j 134 @—< 2451 15.72
K 154 — 13

168 N 3.32
m 170 — 6.34
n 183 1.64 0.94
o 212 12.27 1.83
p 226 6.31 2.25

HO. O\
q 242 2.25 1.36
r 228 0.47 17.85
s 252 O O / 3.24 5.85
NH_ IL
t 240 - >~ 3.67 5.18
| !

u 254 - ~ 2.14 3.12
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Scheme 1. Synthetic route of PDAP

Ethanol
HC CHO + HN NH,  —  oHC CH={:N N=CH CH:]:N NH,
Reflux, 6 h n
PSB

m o S @ +~H@~H w@wO

o=
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Intensity (a.u.)
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Formation of char layer with cavity inside, Concentrated release of pyrolytic gases, Flame extinction,
accumulation of pyrolytic gases occurance of blowing out effect cracked holes left on the surface
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Ignition and burning

pyrolytic gases containing nonflammable gases such as CO,,
and phosphorus-containing free radicals such as PO,- , PO+




Storage modulus (MPa)
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Tensile strength (MPa)
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