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Preparation and performance study of polyethylene glycol-based flame—
retardant phase change materials
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Abstract: Two phosphorus—based flame—retardant phase change materials (DPEG1 and DPEG2) were successfully

synthesized using polyethylene glycol (PEG) and 9, 10-dihydro—9-oxa—10-phosphaphenanthrene—10-oxide

(DOPO) as raw materials, with the grafting position varied. Based on DPEG]1, aniline was grafted to synthesize a

phosphorus—nitrogen flame—retardant phase change material (DAPEG). The material structure was characterized by

Fourier transform infrared

Keywords: polyethylene glycol; flame retardant; DOPO; thermal stability; phosphorus—nitrogen synergism

nuclear magnetic

spectroscopy  (FTIR) and
(NMR), and the

performance, thermal stability, and flame retardancy of

resonance phase transition

the different materials were compared using
differential scanning calorimetry (DSC),
thermogravimetric ~ analysis  (TGA), and other
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characterization techniques. The results indicate that
the grafting of flame-retardant groups promotes the
formation of a continuous carbon layer in the material,
thereby enhancing its flame-retardant properties.
DAPEG exhibits the best performance: its phase
transition enthalpy is 73.21 J/g, the maximum pyrolysis
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temperature increased from 398.35°C to 406.08 C, the
maximum pyrolysis rate decreased from 5.79 %/C to
3.17 %/°C , the residual carbon content at 700 C
increased from 0.51% to 6.03%, the A /A. of the
carbon layer decreased from 3.70 to 3.01, and the peak
heat release rate decreased from 730.8 w/g to 593.2 w/

g, representing an 18.8% reduction.
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Chemical structure of Polyethylene Glycol, DOPO, and Aniline.
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Fig. 2 Synthesis route of DPEGI.
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Fig. 3 Synthesis route of DPEG2.
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Fig. 4 Synthesis route of DAPEG.
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(MCC) : % 11 26 [ DEATAK 72 7 B MCC-3 % {3 %I
SISO AR S HEAT I, BF BT i 2-5 me, (RFR HL
4 BRARA IR A SRR, AR 100 ce/
min , Fh L % 1°C/s, PR BE 5l 100-700 °C. 2
A A (DSC) MK - R FH 28 [ TA AL #2871
DSC 2500 7 2 75 1 4 SO AE it B AT D03, 6
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%4 20 mL/min. H 53 AT (TGA) L : 5% FH 2 =
TA ALEEA 7 1 TGAS500 K B0 T 43 B AL S 0B 7
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900 °C, FHE M ZYE N 10 “C/min, MIAAE RIS
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W3« SR FH$#E 7 TESCAN 28 /] ) RISE-MAGNA #H7
5 R -4 L 0 A I FH ASOG A i e SO T
S TC AT Ko )2 A BR AR BE UEAT I, A A
SACFES s, BT HL R S KV, i 2 R B 532
nm, M E ] 500-2500 em™
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Fig. 5 FTIR spectra of PEG, DOPO, OHC-PEG-CHO,
DPEG1, DPEG2, and DAPEG.
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Fig. 6 'H NMR spectra of PEG, DOPO, OHC-PEG-CHO,
DPEGI1, DPEG2, APEG, and DAPEG.
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NMR & . 5 DOPO 1 8=14.26 ppm &b (1) B8 —{% %
W& AH 1t , DPEG1 . DPEG2 }2 DAPEG ¥t Bl {5 516 (H
A 275 fk . DPEG1 H P §=33.36 ppm F1 5=33.81
ppm [ X% , DAPEG H B §=33.35 ppm il §=35.13
ppm [ AU | 32 f T 5 P IR 3 2 1 T ik 1 5%
M, 3 — 30 4 7E Hofh 2 38 19 & ik & e o A7
e, o PJET 5 FHERRAHIES ™, DPEG2 /U LS
=9.99 ppm MY LI, R H T P IR 3% H4E PEG K i
BREMOIFF L. LA HERN, HinrmY
DPEG1.DPEG2 5 DAPEG ¥ T i 24 i .

DOPO

DPEG1

DPEG2

DAPEG

L . . . .

40 35 30 25 20 15 10 5

Chemical shift 5/ppm
K7 DOPO.DPEGI.DPEG2 & DAPEG 4 *'P NMR j%
Fig. 7 *'P NMR spectra of DOPO, DPEG1, DPEG2, and
DAPEG.
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SSRGS AT TR B 3R R R g I AT
AR T 2 [RALBE , fiff PEG &% B ()42 3h  HES S5 37
MR, PR AR AR S EOLFR 1. LA, PEG A
A% Pk e b R T AT 45 R B K, DPEGT A
DAPEG 1 F DOPO #: 45 #F 355 I, h P-C #E % 42,
3R T PEG ) -(CH.CH,0)- 5 & J e HL R E , n] 45
i i B LU B s S RS T R B AR T
DPEG2 H' DOPO Jf A4 A7 H 4% |, 24 7E
KRk b P-O-C Bl B2, 4 F2 4 B i 45
ZIN PR IHHCS A S RS T R B e /N eAh 5
DPEG1 #H L, DAPEG i 7E R Uik It ¥ HAIMEA T
R BEASAE FHE— 25 350 , R I DAPEG B4% 5. 5
FERLIS T FRIE R R . XA U= AT T X AT
S COXRD) P, Wi & 9 fros , 5 PEG AH L, BT A3 41 kL

T G e i o5 B Jd A AT, R LS R BB T R R I
o DPEG2 T[4 & i B % /N T DPEG1 #1 DAPEG, iX
5 DSC 25— 3, UEWIZE e 1 1Y T B3 B0 RHAH
NG REAR

DAPEG
m DPEG2

\a V_

< DPEG1

B

(=}

E jﬁ

5 PEG

3] N—

I

10 15 20 25 30 35 40 45 50 55 60 65
Temperature/°C

K8 PEG.DPEG1.DPEG2 }2 DAPEG It DSC £k
Fig. 8 DSC curves of PEG, DPEG1, DPEG2, and DAPEG.

%1 PEG.DPEG1.DPEG2 ¥ DAPEG TS £
Table 1 Phase transition parameters of PEG, DPEGI1,
DPEG2, and DAPEG.

HEdh FERiC FERE/)/g)
PEG 53.39 188.15
DPEG1 39.24 90.71
DPEG2 51.36 142.02
DAPEG 39.59 73.21
A /\ DAPEG
2 ____JL DPEG2
2
G N DPEG1
j<3
PEG
10 20 30 40 50 60 70
20/degree

9 PEG.DPEG1.DPEG2 } DAPEG ] XRD 1%#l
Fig. 9 XRD spectra of PEG, DPEG1, DPEG2, and DAPEG.

23 MIEEM

10 5 PEG .DPEG1.DPEG2 & DAPEG 7E A<,
SR I TG BRI DTG h4k , PEdn s W4 2. wf
VA B, PEG RAFAE—BeAr i IX 8], X 2 1 T PEG
KAl R ik B A B B A BT 2, R R RE (T,
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41 368.59 °C, Hx KA B (T,,) 41 398.35 'C. [A]
B, PEG #4500, e KA % (R ) 358
F]5.79 %/°C, ¥ 700 “CH 5% 5 i i O 48 88 Thae , ik
WAL A 0.51% , UE W PEG A< B ELA ME DL A 1Y 45
. 5 PEG M It , 2t 7= % DPEG1., DPEG2 &
DAPEG I Ty, 4 & A T B, IR & Bl BHA JE A1 25 42
HI MBS R oy . =Rl ekt~ 9 R, T B R 3
BITE 45% VL b, ik B BE AR PE RE 42 THRBOR B . it
Hh B4 DPEG1 . DPEG2 M DAPEG (5% ¢ %4l
A ERTE, AT 3K 5.91% .3.10% F16.03%, K
T Wt BEL AR 5 A A i T I ) W T X SR Wl R S IR ME )
JT, v DA SO 0 e J2 B IR G, e J2 T DL B 44 SRR
Je A A% 3 | DA T A 28] 5 SR AR BEIA R, o

100

—a— PEG
—e— DPEG1
80 |- —A— DPEG2
—v— DAPEG
Eg 60 [
=
S
R=y
(<]
2 40}
20 -
0 1 1
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Temperature/°C
(a) PEG .DPEG1 .DPEG2 } DAPEG 4 TG 2%

o
g/ -
=
£ .
2
[}
2
27
f
S5l —=— PEG
—e— DPEG1
6 I —+— DPEG2
—v— DAPEG
7 1 1 1 1 1
100 200 300 400 500 600 700

Temperature/°C
(b) PEG .DPEG1.DPEG2 } DAPEG f#] DTG i1 £k

K10 PEG.DPEGI.DPEG2 K DAPEG 7ER S F I TG
2% (a) DTG 1 ZE (b)
Fig. 10 TG curves (a) and DTG curves (b) of PEG, DPEGI,
DPEG2, and DAPEG under nitrogen atmosphere.

%2 PEG.DPEG1.DPEG2 ¥ DAPEG ) TG K DTG i
Table 2 TG and DTG data of PEG, DPEG1, DPEG2,

and DAPEG.
e T,,/C T./C R, A%/C) i)e;f’i(ch/l(i:;)
PEG 368.59 398.35 5.79 0.51
DPEG1 31351 402.28 291 591
DPEG2 316.96 398.22 3.12 3.10
DAPEG ~ 327.80 406.08 3.17 6.03

2.4 PEHBAMERE

24.1 3 ZSEM-EDS%# [ 115 PEG.DPEGI
DPEG2 } DAPEG #A T 73 A i 5 5% A< 6l | . SEM
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IR IZ LAY TTHNPE AR | 1 DPEG1 . DPEG2 5
DAPEG A B 2 R S I8 5) SFHE 422, A
T B $ir SRS LA AT R A A s (61 )
AT BHER AR . AR 2, DPEG2 A2 i1 ¢
J2 R P BB AR, BB TCIR, T DPEGL 5
DAPEG 4= iU 7% J22 RV 3%, INTRZERS , 5T
BRI A8 B, 8 A 5 2 AL R X D 22 7 =
T DOPO #E KA & AN . #E DPEG2 1, DOPO 4%
K F AR 5L F i P-O-C B 42, 16 = R T 5 31
fiffe Az B B A S S RS A A A TR B SR AH A
MR, A2 BB A% )2 o T FE DPEG1 5 DAPEG H7,
DOPO 4T PEG ARt )5t 1~ b, H1 P-C B+, =
T T IS A I AR A S S W A | A2 2 e 1 [ B
RO Wl 1 R B X 2 )l R S AR b it
TP He A HO [ H 3, MR BBl 14 8 2k 2, B
1RBRRE , [RTEE, SAH P 5T 1) 3k 25 0 0% o J2 I ik
K, B 2L AR Y R, DPEG2 A= B 1) 7k J2
B A A ZE S, DPEG] 5 DAPEG A= i Y i ik
RIZ IR 5 B R AR R BH AR EE R . b, E 11
(1)—-(1) H 7R bR B A T R 43 A, & 3L DPEGL .
DPEG2 J¢ DAPEG /¢ J2 W ¥ 5) 43 41 45 F & W # oC
0 UE A L A A AR o R AE o TR
DAPEG 7% 72 v 8 o0 % 43 A1 A 6 55 # i, R Ry
DAPEG % U JE A1 #A i B T () AN AP E SR 2 i —
AR R Z K, DAPEG hE 2 3451 () F O R 5
A3 A UE B 7R B ik o< J2 08 o B B R T 3R 1Y B IR
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Fig. 11  Residual carbon images, SEM images, and EDS images of PEG, DPEG1, DPEG2, and DAPEG.
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Fig. 12 Raman spectra of residual carbon from PEG, DPEG1, DPEG2, and DAPEG.
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Fig. 13 HRR curves of PEG, DPEG1, DPEG2, and DAPEG.
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Table 3 MCC test results of PEG, DPEG1, DPEG2, and
DAPEG.
B pHRR/(w/g) THR/(kJ/g) T/C
PEG 730.8 26.5 426.0
DPEG1 609.3 22.3 424.1
DPEG2 669.0 24.6 415.1
DAPEG 593.2 23.2 430.5
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