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Fabrication of a Flame-retardant Cu-based Metal Organic Framework
and Its Effect on Properties of Epoxy Resin
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Abstract A copper-based metal-organic framework (Cu-MOF) with schiff base organic ligand 4,4’-[ 1, 4-phenyl-
enebis (methanylylidene) bis (nitrilo) ] dibenzoic acid (TBPA) was first synthesized via ultrasound-assisted and
hydrothermal methods. Then, a flame-retardant Cu-MOF derivative (Cu-MOF@DOPO) was prepared by reacting
Cu-MOF with a reactive flame retardant 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO). The
Cu-MOF@DOPO was confirmed by multiple characterization techniques, including scanning electron microscopy
(SEM) , transmission electron microscopy (TEM) , and X-ray diffraction (XRD). The effect of Cu-MOF@DOPO on
flame retardant, mechanical and thermal properties of epoxy resin (EP) was investigated. The results indicated that
EP containing 2% (mass fraction) Cu-MOF@DOPO (EP/2MD) had a limiting oxygen index (LOI) of 29.6% and
achieved a UL-94 V-0 rating. Meanwhile, the peak heat release rate (pHRR) and total heat release (THR) of
EP/2MD decreased by 14.2% and 8.1%, respectively, while the total smoke production (TSP) slightly deceased

compared with those of pure EP. During combustion, Cu-MOF@DOPO in EP exerted its flame-retardant action
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both in the condensed phase and the gas phase. Compared with the EP composites filled with Cu-MOF or the
flame-retardant ligand TBPA-DOPO, the EP/Cu-MOF@DOPO composites exhibited a higher glass transition

temperature and enhanced mechanical properties.
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AR (EPVEN—2 S Re R G WA B, S AL R 5FoR E . RAFmfbastae e X h )
KhighPERe, N TR R B H AR WoRhAR R R TR VAU . SR, EP A T4
M E S, S XEOCR, HHEA B EWSIE . FR, EPFERRBEI = 4 19 A 1A FE M5 20t KR
PR e A A5 PR B ™ F U S DRI, AP ARG 1 R EP HLAT F S 3L

4 J@R - HREZEAT R (Metal-organic framework , MOF ) J&—35 143 J& B T804 & 7 5 4 HLIC (4 1 i
P EE T ) Z AL m AR R, MOF SEf I LR AR, IR LS = | AL e, Tz
Iof T AR A T B L SRR B A Al S R, A BE AR 40 3R B LR T A 4 R A (R
—J5 1T, MOF HLAT A A FLA5 FA AN g L SRR, nl AR B SR S Ik b B rh B A AT 22500, 427 Hm
HAPERE 5 55— 71, MOF A8 K A A4 J8 A7 o5 LA ARG A B A 4 B A p AR BE 7, mI ke
BIZTE R SR, & BT MOF £ EP H BHARBCR AN 5 . Zheng S5 5 4 10 T 3 it V¥ 4 @ 0 £ 1)
MOF, BJl Zn-MOF, Co-MOF Fl Fe-MOF. 4 Zn-MOF, Co-MOF HI Fe-MOF 14 Jii & 2% ¥ N 2% B ,
EP/Co-MOF, EP/Zn-MOF F1 EP/Fe-MOF [#) I (B 4 R8 Jif i 2 55 4l EP AH LE 73 0 B AIK 31. 3%, 27. 8% FiI
18. 6% ; S B2 BIFEAK 4. 2%, 10. 6% F17. 6%. Zhang 214 YOEHHH2E MOF (Mo-MOF ) FIAEFR 4
RERG B REARF] . 546 EP ARG, WS 6% (5 4358 Mo-MOF B (i U4 {7 HABE I T8 5 0 A MBS T o 43 ) e
I 44. 7% F125. 1%. 26 M a9 PR 4% 48 20 (LOD) 1 24. 8% & = 3] 32. 8%, UL-94 iK% V-2 4%, JCif
7. WER RN, BSR MOF AR HAT — 2 (BASATERE , (HLAAEE MOF FIFEBIA S A A A BB 2 Tolk B 75
BH UL-94 V-2, BIASCR A .

T 425 MOF [ BHARAICR , 38 H 4 2 0 S R SR BT 2R M 4 A e sl F MOF 3R 8T, R BT
UM FIRON 2 BE5in FLBH A MEBE . Wang 2517 R FIRLIR (PA ) it — A% 570 45 F4) (1) 66 2% o 50 ks A0 K 1 g
MOF (ZIF67@ZIF8) 4 T BHIA N REAL i , 175 PA-ZIF6T@ZIFS FHAAF 3 ¥+ LA 5% 1Y i i /3 5B A EP
FMG , AWM UL-94 V-0 PRI, HAVBE R AN Az i 2 i 5 PR AIK . Cai 2 DL
A5 T RS F AT WL g JEUREE G 6 5L MOF (ZIF-67) , RJG 9, 10- — 4(-9- 4 24~ 10-B 2= 3E-10-4
91 (DOPO) & 1fii ZIF-67 15 | DOPO@ZIF-67 BHEA I . W58 LB, 54 EP AR L, WS 4% (53 & 73 %0
DOPO@ZIF-67 ) EP & G A BHA LOI A 32. 1%, FiKF] 1 UL94 V-04%. B, BHFAMYE MOF 7£ EP Fh 2L
IR B FBRIROR (W UL94 V-0 ) AR TG ZEE IR It , O SEARM A A HLAE I RE S ek
I, T2 B A B MOF LAk e PR i (W S e o EP &2 6 PR AU BE S 5™ R %

ARSCA T RIRTRIE T TRk 4,4'-[ (1,4-2F W) — (RIF23E) ] B BR (TBPA) ,
¥ H 5 DOPO Sz I , A= i BH BR B /& TBPA-DOPO, If iF— 4 5 5 85 7B A7, & i T B4R Cu-MOF
(Cu-MOF@DOPO) , #£5¢ T Cu-MOF@DOPO % EP JHIAVERE . J12F 4 RE M ME RESE A 52 .

1 SEIEEyY

L1 iR FA

ToK CBER 4,47 - TR LE (DDM) , 2 Hr 4l , [ 2548 Bk 2200 A BR 2N vl 5 % R
4-BIRIEHIR . —IKA LR (LEE 99% ) I DOPO, sAfréli, Eygbarhr T A bR BAn AT FR A /5 &R
TRt prat, A SO AE AR R A BRA Wl 5 AUy A BUR AR (E51 . PR4E(E 0. 54 mol/100 g) ,
thEA A TA PRSTEA .
1.2 Cu-MOF 5 Cu-MOF@DOPO Hy#l &
1.2.1  FEKTBPA & K K 1. 34 g(10 mmol) XF 2 — I EEHI 100 mL JC/K ZEEIIA T 1Y = B
b, PR T R SR R s 7R — R TR BEAR T, AT 100 mL JSoK SR 2. 74 g(20 mmol )4-24
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FOEHR ; F 80 CHIFFLLAEHE A Tl 4- 2 5K B IR 1) 2 VA WO A 28 — F 1 B v, i
SEER SR URSE IR RN 3 hy O SRS, XHR AP T AL B, IS gD oK CEREREOK , FE)S
TF120 'CT 24 h, FFRNEEARAAMR Y TBPA, 772 84%.

1.2.2 TBPA-DOPO By 4 & 3. 72 ¢(10mmol )TBPA F1 100 mL Jo/K Z B A S T A0 =2k, &
RS SO 8 (R 168 i A 4. 32 g(20 mmol) DOPO, T80 °C R FZefit+E K0 3 h; J
o 3eh AR R G R BT A R s SONAS S SR AR A B ), R SRR AL
K, T120 CT4E 24 h, 153 F @A) (TBPA-DOPO) , 73254 87%.

123 Cu-MOF #y4 & S MESCHR[ 19 ] )59 45 Cu-MOF. #43. 72 g(10 mmol ) TBPA 15 10 mL 10% (Jfi &
G380 ALK TSR 500 mL 25 257K Hr, SRl TBPA Wil , B 8 (I 1) TBPA KR 5 #%
3.99 g (20 mmol ) — KA LFRARY T 100 mL 25 & FoK v, FLH153] £ BR A /K IS TER A ST A T,
N 2 BRI K0 A TBPA KIS, e B85 F =30 RO 30 ming AR W AR 2548 , K S
Jo TR AR R R BRI 28, F 120 “CR PRI 6 hy SN 45 35 B 0 40 B, BT A [ A
I 258 TOK BRI BT, BEJS T 100 “CF T4 12 h, 528 @08 AR 7 ¥ Cu-MOF, HiAk2E2H
Cux(bdda) (OAc)2+ 1H,0, LAG & BT RIEUETTEE, =% 20 70%.

1.2.4  Cu-MOF@DOPO B9 A& F&  #| H i K ik 2 K % DOPO Jill i & Cu-MOF [ C=N % I #l %
Cu-MOF@DOPO. #£2. 00 g Cu-MOF #7573 H7EIC K SBEH, SRIE /A 1. 00 g DOPO, 7E 50 “CF FRF2Lfi
FERON 3 h, B0 I HIOK CEEREHEA TIR, BR2E 20 DOPO JE B2, BEJS T 100 'CF T4
12 h, BRE OB AR Cu-MOF@DOPO. Cu-MOF 1 Cu-MOF@DOPO HJ-4 B U Scheme 1 75 .

éo 0
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&
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H N

TBPA _( o000 o l/°

o-cli  cl-o °'C|u S0,
2 o;c'>/o o)_ }0/%° 0)_
Cu-MOF Cu-MOF@DOPO

Scheme 1 Schematic illustration of the synthesis of Cu-MOF and Cu-MOF@DOPO

1.3 EPEAMBMHE
o 1 K — 2 L ) EP 5 BB & TR 188, 100 “CRRIZIEFE 30 min, BES AR
FIDDM(EP 5 DDM [t 4: 1), Fo/mIRE R DRE R R IR LR EE N ; BB E S A B2 MU
ﬁ RO AL I, B o R FE R DL R T2 R 4k 100 ‘CFA#E 1 h, 120 ‘C AR 2 h, 150 “CF {4
h. EP& A ARG TENEC )y WAR 1.

Table 1 Formulations of pure EP and EP composites

Sample w(EP) (%) w(DDM) (%) w(TBPA-DOPO) (%) w(Cu-MOF) (%) w(Cu-MOF@DOPO ) (%)
EP 79.4 20.6 0 0 0

EP/IMD 78.6 20.4 0 1

EP/2MD 77.8 20.2 0 0 2

EP/2TD 77.8 20.2 2 0 0

EP/2M 77.8 20.2 0 2 0

14 {XFEE5MREH
EQUINOXS55 ! e HL 25 466 21 48 S 15 AL (FTIR) ﬁl Bruker 28w , B AE G A BE 2 ORIAR 2 wm DA
T, KA KBr JE gt 451 AE , I8 2 4000~400 ecm™'; Avance NEO 400MHz 59 4% i T2 4% % 3% 4%
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("H NMR, LA DMSO-de’M¥H]) , 5 Bruker 23 H) ; ASAP 2460 % B JBHE 4 45 85 614 (ICP-OES) , 2
& Micromeritics 23 ) , i FARRVA AL FFE 5 Vario EL cube UG E /30 H1{Y (EA ) , 5 [ Elementar 23 ) ;
S-2360N FUFAH B F B8 (SEM) , H A Hitachi 28 7], Bt B BB & G HGE (EDS)ZIREE, ik s R0 1575
M3~10 kV; JEM2011 U35 5 i F BB (TEM) , H A F#k 24t 5 DX-1000 7 X 2R 5L (XRD,
Cu Ka 5126, A=0. 15406 nm) , FF4: 7 AR A B B FE S0 B 20042 5~10 wm, F 455 BN
5°~60° , 94 3 & 4 4°/min; K-Alpha % 5% H BB 35 [ (XPS) , 3£ [& Thermo Scientific 72 &) , 4§
(hv=1486. 6 eV ) ; AS-IC-VP2460 A 4> [ 8l AR 53 Hr 4, 52 [E] Micromerities 23w , A i U 32 Aif 78
150 “CF 6 h; 7200 BIAE S (TGA ), H A Hitachi 28 A, 7ERSUE T SE1 7, MR e
il A 30~800 °C, FHLEE N 10 “C/min, Ff & #8678 (10£1) mg; DSC 200 F3 %922 75 714 #1Y
(DSC) , 78 Netzsch 23w, Fhkk X [8] 1% 5 4 30~00 “C, FHi# 2 10 “C/min, E 5 5T 4% 2251 78
(10+1) mg; JF-3 B FGHOM AL, B VL7 AT Aa A FRA |, AR5 RS 100 mmx10 mmx10 mm,
Z: M GB/T 2406-2009 briff , BRI TE R 5K, A5 RPCFI91E ; CFZ-3 R E eI, m iy
TOMAERA R F], B RST R 130 mmx13 mmx3 mm, 208 GB/T 2408-2008 FrifE ; HEJE m #X, B
FTT A ], A5 RST 100 mmx 100 mmx3 mm, FGF 2238 35 kW/m?, 2B 1S0 5660-1 brifi, TR41FE
rm R 2 Uk, A PRI 2 SR 22 1 10% , DU EE T A 7k s HR800 7Y iy 43 HE R hr 2tk (Ar 0
W, A=532 nm), L E HIY 22 Al ; CMT-5504 B4 75 G B L, — KB () AR A A, 2
GB/T 1040-2006 #nE, £ ihh 1A MEES BIARERE , HrAHEE 28 10 mm/min, BAMIAER 5K, RA45
RHCEIE ; E21. 550 BUEE pi iR 30, 26 E MTS /A H], 208 GB/T 1043-2008 Frifi, iHE Sy ok 11 i
HARERESS, R4 80 mmx10 mmx4 mm, FATMN 5 IR, F s RBCE 3 .

2 FHR51R

2.1 TBPA 5 TBPA-DOPO IR 1E

2.1.1 FTIR 44 124 DOPO, TBPA } TBPA-DOPO fIZLAMEIEE . HIE 1 v LIE 1, BF TBPA 43
TF-ZE [R5 A C=N AU 528 E5 0, 52 LB 52, —COOH A 45 41 29 W Wig e Hh R AE
1682 cm™'4b 5 1626 em™ ' Ab (1 W W5 U6 AT U Jg T Fi R 45 A4) Hh C=N 8 1) RRAE IR ™. X F DOPO,
2438, 1477 & 1236 cm™'4b (19 W5 Wi 43 551 6k 13 P—H 8 . P—Ph 8 [z P=0 B il R A 48 PR s lie . 24
DOPO 5 TBPA & 4 [ W A4 i TBPA-DOPO i, J A 1) C=N i 5 P—H BEFFE M s Y 5 2K, [l A
3381 em™ Ak H B A Al A v N—H B A iR s e 5 Ak, 1477 51236 em™' 42y P—Ph 5 P=0
FRFFE %, 2281 DOPO KIS F TBPA 43 F 2544 .

2.1.2

'H NMR 4 #7 2 4 TBPA 5 TBPA-DOPO Hy# G AR &0t . X7 F TBPA, & 12. 9 AL HIf5 S04
J& T RIL(—COOH) FEJFE T IR ; 6 8. 1, 8.0 K 7. 4 kb A5 S 06 40 HI % 28R | 3 FhR Rl {2438

1626

; 1236
1477
|
TBpA 2438 o A
|
| I |
|

’ :_\\/LO*\_%D% I\gl

DMSO

|
! ! | Aromatic protons H:0
i\
TBPA-DOHO TBPA-DOPO 2 b L
\
3381 F

I
I

I (I I

| [ 1 & @i b

DOPO | | | | }—@—'r 3 d &
I n | I }‘Q_\
TBPA 2 | i
4000 2000 1600 1200 800 16 14 12 10 g 6 4 2 0
Pem! 0
Fig.1 FTIR spectra of TBPA, TBPA-DOPO and DOPO Fig. 2 'H NMR spectra of TBPA and TBPA-DOPO
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B SR T HRHIENE 5 6 8. 7 A5 516 M W i3 A1 (—C=N—H) " H L F [ FRAE LRI . XFF TBPA-
DOPO, RELEFE T AEIE I PIAES 12. 14, 5 TBPARES, FhIR IE A AL AN A A FL & . X —
AT C=NES DOPO KAEOWV G, JiA PR R IR, 71 NGO E8 , SEORE R
(LRI ) = S 5 85 8. 6 6. 5~8. 3 X [AI N I ZHILR(E 5 R e (—NH—) F HJE T 55 FHH
JRF I FRE I EE 3 B0 8 5.7 5 5. 3 40 M5 5 W IR R T 15 B IR B2 AHEE vk | 1R 2,
FTIR 58 R E0% B RAE S5 AR B EDIE , IESE T TBPA 5 TBPA-DOPO A LI & A% .

2.2 Cu-MOF 5 Cu-MOF@DOPO HJ&RAE

22.1 XRD 447 &34 Cu-MOF 1 Cu-MOF@DOPO Y XRD 3% & . Cu-MOF 4858 (437 5 i 5 B A
RLAF B AR LR P . 3% XRD 151K 5 =4k Cu-MOF #r R4 K] (CCDC No. 2010441%%) AL B 45, Hirp
20=7.6°, 11.42°, 15.3°, 19. 64° J¢ 24. 5° /b (A 55 06 43 33X 12 (001) , (011), (012), (200) F1(131) &
M. ARG R HAES E RN 45 Cu-MOF. 1 Cu-MOF@DOPO £ ¥i45 52 B9 5714 , BLRALE DOPO 11 %%
Cu-MOF )5 , Cu-MOF [ ShIARZEH B e 12,

Cis

Cuy,
Cu-MOF@DOPO Cu-MOF
Ny,

(001)
012)

Cis

- (313)

Cu-MOF )
Cu-MOF@DOPO (),

L
I|i |, Cu-MOF(CCDC No. 2010441) i | Py Py

10 20 30 40 50 60 1200 800 400 0
20/ Ey/eV
Fig. 3 XRD patterns of Cu-MOF and Fig.4 XPS spectra of Cu-MOF and
Cu-MOF@DOPO Cu-MOF@DOPO

222 XPSAH A Kl 44 Cu-MOF 5 Cu-MOF@DOPO (1 XPS i &l . Cu-MOF [ XPS 3% & 1 B T Cu,,
0,,, N, &% C, FYFFAENE, 1] Cu-MOF@DOPO 4 XPS %[5 FR T4 1~ Cu-MOF FIr A BA Y P, A P, BURFEI
W DOPO &l 7K T Cu-MOF 1A I

223 AAEH-BM AN K5 R Cu-MOF 5 Cu-MOF@DOPO [ % W 5t - 1 i 25 1 2% it 2% % BJH 7L
A . Cu-MOF (145 - J58 B S5 4% S B0 H3 B J5 S [ [ S (A) |, R BHILFLEE A by by bR Fokr 3 AR
TE BB E% £ 5 Cu-MOF@DOPO [ L A% 43 A7 i) AR A2 DX (0] i 7% , W& (Bl Cu-MOF 9 42. 19 nm [ 2
15.72 nm[ F5(B) ], X F 2 F DOPO 1 4E Cu-MOF 1 _F i Ay .

2501-(A)

®)

200

150

100

S50

(dV/digd)/cm g~'nm")

Quantity adsorbed/(cm?-g-!, STP)

0.25 0.50 0.75 1.00

Relative pressure, p/p, Diameter/nm

Fig. 5 N, adsorption-desorption isotherms(A) and the corresponding pore size distribution curves(B) of
Cu-MOF and Cu-MOF @DOPO
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224 FHEAE K 6K Cu-MOF 5 Cu-MOF@DOPO [ TEM & K. Al ., Cu-MOF HAG Y& . ASHL) 14
FZOREER , RSF29°8 100~200 nm; 282 DOPO eitE )5, #RIER OIS & A B2 A8 Ak, S p R Tm
BRSO A HLAH , B2 2458 200~300 nm , %45 R E—2E550F T Cu-MOF@DOPO F4 AL ) il £ .

Fig. 6 TEM images of Cu-MOF(A) and Cu-MOF @DOPO(B)

225 Hop AN KB 7 A Cu-MOF I
Cu-MOF@DOPO [ TGA i £ . A LL & H | 5
Cu-MOF PRI UG 53 IR EE (T, °C) S i KO 80
B (T, °C) 4yl 283 “C A1 354 °C, 1fi
Cu-MOF@DOPO 4] 46 43 fife 1 B F 5 K 53 il
T4 ) T &2 348 “CH 441 °C, HFaE ki
EARTE . WLHh, ZHAES00 CHEMIFR AT wp o ey, {20
W] i 2% % : Cu-MOF 5% %% it K 50.2%, i . e A .
Cu-MOF@DOPO 5% sic AV 4 30. 9%. X W] REf& 2000 400 600 800
¥ boPO E‘J?Aﬁﬁifﬁ%i’{]jﬁd\ﬁ}?/ﬁﬁi L Fig.7 TG(a—c) and DTF::I(I::T:H’)GL:rveS of Cu-MOF(a, a’)
T AR BE RO TR R OF B R Cu-MOF@DOPO(b, b’) and DOPO(c, ¢’) ,
Cu-MOF@DOPO H1 DOPO ()& 129K 20%.
2.3 EP/Cu-MOF@DOPO £ & #1#}a s
2.3.1 MR MEE R BRAEFE H st (LOD) ATk B LS (UL-94) PEA EP &2 & R RHI BRI PERE .
4l EP 1) LOME AN 23. 2%, 2B HLRHATERERS 22, FLAE UL-94 M o Ak BTl 554 5 i in AN Rl
[ Cu-MOF@DOPO Ji5 [ EP & & M R BRI M R B 42 T . 2§ Cu-MOF@DOPO % i & (JiT i 7048 A
1% F129% B}, EP & A # 8 EP/IMD 1 EP/2MD £ LOT{H 23 51452 i & 28. 2% #1129. 6%, UL-94 I3 45:4% >
IR Z V-1 % F1 V-04%, %W Cu-MOF@DOPO X} EP ELA LS AIBHMARCR . M2 T, 4 29% (i
4380 Cu-MOF (1) EP & & 41 EP/2M) 1 LOT{ K 24% , UL-94 MBRTCATAT45E4% . I 2% (5t 23050 1)
TBPA-DOPO ) EP & & #4 KL (EP/2TD) i BHA 1 BB L L 8 47, LOT 47 29. 0%, 7£ UL-94 Il ik rf 1,35 %]
V-0%%.

SR FHAHETE i A0 (CCT) X EP S FLAE B MR IR T R A TR SY , S5 SR anEl 8 KR 2 i . ih
& 8 (A) Fl(B) K 5K 2 AT A1, 4fi EP fiY 6 (B #4 i 3 %6 (pHRR, kW/m?) iy 1648 kW/m?, &l FA R il
(THR, MJ/m?) A 142 MJ/m?*; TRINAS[RIRNZE e & e i B0RHS . 254K pHRR 5 THR ¥ 2 BUR R #2 B
. Hop, EP2M & A 4 BH9 pHRR 5 THR F14E EP A1 H AL 20 531 B A 4. 9% 1 4. 6% 1fii EP/2MD
EAFBHY pHRR 5 THR 540 EP AR HC2 BIFRAR 14. 2% F18. 1%. AL, 450 1 R ECAL A TBPA-DOPO
B EP/2TD & & #1 kL5 EP2MD & & M B T T X H, & 3 TBPA-DOPO Xf EP 314 2 8 it 5 A 55 1
REIRRICR, , 8T 2% ) EP/2TD & 4R RHE pHRR A THR 545 EP AH FL 43 BIFEAR T 27. 4% F113. 4%. XAl
fiE 2 A S DOPO 1 b — A 208 B L 43, HAE TBPA-DOPO H %) & & H #E Cu-MOF@DOPO H 1)
SERWE, EPR2TD PRBHAICE P, NZ5E5 L EP/2MD -5 4K 85 %, R EP/2TD ) pHRR H EP/2MD
BAIK.

100
80
60 60

40 40

Mass fraction(%)

(dw/dr)/(%-min~")
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(A) ===EP
——EP/IMD
~ 1500F EP2MD| . 120
lE ——EP/2M = &
< —EP2TD | = £
Z 1000 = &
2 £
T 500} .
0 L 2 0 1 1 1 1 1 O 1 1 1 1 1
60 120 180 240 300 360 60 120 180 240 300 360 60 120 180 240 300 360
Time/s Time/s Time/s
Fig.8 HRR(A), THR(B) and TSP(C) curves of EP and its composites
Table 2 Data from cone calorimeter test of EP and its composites
Sample TTI/s pHRR/(kW -m™) THR/(MJ-m™) TSP/m?
EP 84 1648 142 27.4
EP/IMD 83 1527 132 26.4
EP/2MD 82 1424 131 25.5
EP/2M 74 1561 137 27.3
EP/2TD 70 1196 124 30.3

PR CE TN RA RN KR A LR 2 — , IR 2R R ) IR e e T L
e, mIES(C)N L, 54 EP AL, W 1% F1 2% (Jf 5 43 0) Cu-MOF@DOPO () EP & 4 #1
(EP/IMD 1 EP/2MD) () KRBk (TSP, m®) 3990 T B 3. 7% 1 7% 5 ¥ 11 2% (J5t 5t 53 %% ) Cu-MOF ) EP
524 M OEHEP2M) 1) TSP AL FEAIR 0. 3%. K10, WS 2% (53 5 4348 () TBPA-DOPO 1) EP & & #4 ¥}
(EP/2TD) ) TSP I 4 H 2 10%. VL F 45 58], TBPA-DOPO SRS S B R B AA Y, FRAL T
SEIRREfR ARSI s oI A IRICR G, STERBERHE U EP SLATE 0% i )2, BT T 7]
PRV SR A AL, [ MOF 4 BHY ZFL 45/ HA R AF I BE 1, RE % MR SRR e sl g ik 1 75
S50 HAR TBPA-DOPO I BEIASER [ Cu-MOF@DOPO B4, (H4: 53k EP & & bBHER B it 4 S B il 1
.

232 sxkatt B9RHEiEP KL G AR S ac i 2WIES 5 SEM B8 . ATLIE Y, i EP

20 um 20 um

Fig. 9 Digital photos(A—E) and SEM images(F—]J) of char residues of EP(A, F), EP/IMD(B, G), EP/2MD
(C, H), EP2M(D, I), EP/2TD(E, J), and EDS mapping images(K—QO) of EP/2MD char residue
Inset of (H): magnified image. (K) C; (L) N; (M) O; (N) P; (O) Cu.
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Fig. 10 Raman spectra of the char residues of EP(A), EP/IMD(B), EP/2MD(C), EP/2M(D) and EP/2TD(E)

composites
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Fig. 11 XRD patterns of the char residues of Fig.12 DSC curves of EP, EP/IMD, EP/2MD,
EP, EP/2M, and EP/2MD composites EP/2M and EP/2TD composites
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Fig. 13 TGA(A) and the corresponding enlarged parts(insets)(B, C), and DTG curves(D) of EP, EP/IMD,
EP/2MD, EP/2M and EP/2TD
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Table 3 Thermal decomposition data of EP and its composites

Sample Ty, /°C T./C Char yield/(%, mass fraction)
EP 370 382 15.1

EP/IMD 357 384 17.5

EP/2MD 350 384 18.8

EP/2M 350 367 17.2

EP/2TD 322 385 17.6
234 ittt B4R T EP RS SRR R B 5 et s B AEE R . 4l EP AR
JE 55wk 5 B2 43 5 61 MPa il 13. 4 kJ/m?; 70 16

. = N I Tensils h
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BERMORLSRIES SR IE EAT FRE, B0 € {2 &
defbepervior, P eeamn izt 5 o S8 S 10 5
Wik SR AR BIREFE S1 4 MPa F 12,8 kiim®, £ a0l 0 B | &
EP/2MD I 43 51| B % 46. 8 MPa F1 12. 3 kJ/m>. T 2 v v |3
g V1N \"A / ‘g
2T BRIIRECHE Cu-MOF (1) EP 4 4 b 4 1 §/ §é §¢ , &
K2R F I B o oL 0

EP EP/IMD EP/2MD EP/2M EP/2TD

S EE 73 1P 22 36. 8 MPa F18. 9 kJ/m?; T As N
TBPA-DOPO f{) EP & & F1 B EP/2TD ) J1 24k
BEIRA K EP/2MD.

it — A B SR EP B2 G MR ) 2= BRI RZ i L], X LR AR BT AT A T SEM ZRAE, 45 dn
15 Fro . 2l EP R AfIBr a8, S MR Y ME e I AR AE . EP/2TD 245 PR W THT A7 76 ] fn Joikr
RIEH, £ B TBPA-DOPO 7 EP AR R4 HUHEA A . EP/2M &2 AR 4 W 1 1 BURE 4l A &, i
SEPEREHL EP2TD 5, 1B Cu-MOF 5 EP K44 #4025 Lt TBPA-DOPO -5 1fij EP/2MD EAMﬂ ) bip
T FE A 22, B8R TN 445, FEBH Cu-MOF 5 DOPO HSS 5 EP SRR 1454 5 B %%, X fE &
(K} Cu-MOF@DOPO [ LR /3485 1 5 EP SRR AR A

Fig. 14 Tensile and impact strength of EP, EP/IMD,
EP/2MD, EP/2M and EP/2TD

Fig. 15 SEM images of fractured surfaces of EP(A), EP/IMD(B), EP/2MD(C), EP/2TD(D) and EP/2M(E)
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