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# OE . OhERE kR ER (WPU) T #E . BRI R SE, ARSCLL 9, 10- —&(-9-%(-10-B 4E-10 %
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DDBA, RM4LAMGi% (FTIR) ARG AR (NMR) FAE T HAL #4540, IF I HAL 2= 6 WPU i £ 357 B K 1 3R
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Chemical modification of waterborne polyurethane with
double DOPO pendant flame retardant

LIU Chao', CHEN Yuxin', YIN Fulin', LIANG Xuyang', XIAO Han',
BAO Dongmei' , LONG Lijuan®, ZHOU Guoyong*

(1. School of Chemical Engineering, Guizhou Minzu University, Guiyang 550025, China; 2. National Engineering
Research Center for Compounding and Modification of Polymer Materials, Guiyang 550014, China)

Abstract: In order to improve the heat resistance, flame retardancy and mechanical properties of traditional water-
based polyurethane (WPU), in this study 9,10-dihydro-9-oxo-10-phosphenanthrene-10 oxide (DOPO) and 2,2’-di-
allylbisphenol A (DABA) were used as starting materials, and the chemical synthesized double DOPO pendant
flame retardant DDBA, the chemical structure was characterized by infrared spectroscopy (FTIR) and nuclear mag-
netic resonance (NMR), and a new waterborne polyurethane (DDBA/WPU) was prepared by chemically modifying
waterborne polyurethane (WPU). The effects of DDBA on water resistance, heat resistance, flame retardancy and
mechanical properties of DDBA/WPU film were studied. Evaluation of the films by water contact angle, water ab-

sorption, thermal weight loss (TG), cone calorimetry (CONE), scanning electron microscope (SEM), oxygen index
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(LOI), vertical combustion (UL-94), universal testing machine related performance. The research results show that

with the increase of DDBA addition, the water resistance, heat resistance, flame retardancy and mechanical proper-

ties of the film continue to improve. When the addition mass ratio of DDBA is 20%, the water contact angle can

reach 134.56°, an increase of 106.06%, and the water absorption rate is reduced by 33.29%, the temperature resist-

ance is increased by 60°C. Its LOI value is 35.9%, the total flue gas release (TSP) and average effective heat of com-
bustion (AEHC) decreased by 85.42% and 55.76%. The maximum heat release rate (pHRR), total heat release (THR)
and CO, release decreased by 35.40%, 51.20%, 58.49%, ignition time is prolonged by 15 s, CO release increased by
163.46%. The tensile strength can reach 25.7 MPa, which is about 9.51 times than that of WPU before modification.

Keywords: DDBA; waterborne polyurethane; water resistance; heat resistance; flame retardancy; mechanical
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KPR R (WPU) & — R A5 . LK
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FE Ak 2 SRy 7 BH 8K S i WPU i) BF 5% S35,
9, 10- % -9-%(-10-f HE -10 & fk ¥ (DOPO) # JE AT
AR — AR B . N, WSRO R
JH DOPO fis £y . REERERE . ) My 28 25 BEL AR 391
WPU JT J& U [al s PE B 28 T A, IFBRAS T #0025 10
WFoR g R0, SR, X B —# Y DOPO fif A= 4
fL2EAEM WPU T &, fER R . A8 A I
% 445 i 46 BELA A RLBIF 98 @8k, Hoor T 454 2 h
DOPO Hu—H#EH% | B 44 T WPU 43 £ 48 (19 0F
75 TAESH XU DOPO () 3 71 2% #4) K HA [R] e Ak
EL X WPU BH A BE 52 i i) F 95 T VR fEAT HR1E o 25
b, A LI DOPO Hl 2, 2'- 4 74 2 XU A(DABA)
Sy RERRE, WIS RN C— R A
B LA Ry A R B SR B T A B R A 4 4 1 AL
DOPO #IBH %57 DDBA, I H H X WPU i#E 171k 2%
B, —J5 1, M DOPO £} #% i A % 2 & WPU
HBE TG 2R i TR TS N EE 5 AH P 1] B R S5
J3—J7 N, R A B 4R HE A DOPO 5 #
A2 R L [ 45 T Js R i B LT K T
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1.1 E##E

RN % 1000 (PPG1000, AR, 4JE>99.0%).
SR B — S5 F B2 BE (IPDI, AR, 40> 99.0%).
TR R (DMPA, AR, 4 98.5%). 1,4-7T
[ (1,4-BDO, AR, ZliJ¥>99.0%). — H R —
T 4% (DBTDL, AR, 4fiJ¥ 95.0%), i3 wik
AR AR T NEH (PA, AR, #ifE>99.5%).
=W (TEA, AR, #iiJ¥>99.0%), #S4: L1k~
WA AR 9, 10- =& -9-% -10-# 3 -10 & fb
¥y (DOPO, AR, #liJ¥>99.0%), | ik seilf
FRAF; 2,2 - M N WUE A (DABA, AR, 4>
99.0%), MM FIL TAHRA A
1.2 DDBA R EEH & B

H /o DOPO(9.512 g, 0.044 mol) I A 7 [F] i
BEE M = HE T, E150°C Wi Rk, RE
] B8 i %5 il DABA(6.618 g, 0.020mol). Z J5 ,
HASRE BB )2 10~15min, fRFEFICKTT
ARMEE, BEf5, DOPO " iy P—H #F1 DABA
B C=C A7 s i (160°C, 24 h). & W
LW e K 2B (20mL) W, RIS 7E 110°C,
A 60mL 2% B /K Yk ¥ 30min, BR A ZRM
DOPO, #X 3k, /5, EESHAH T 180C T
FT 43 B % il £+ DDBA, UE 90% DL I, 4l N
95%. il % DDBA H)fb2% [ i WKl 1(a) B .

1.3 DDBA MMk 4R REE K FEM & &

FE AR BERI A . PUMEE e o R R T R
RAAEEE 0 Y E B i A 10.000 g (0.010 mol)
PPG1000 F1 5.000 g (0.023 mol) IPDI, % il & A& Jii
i (L) IPDI 5 PPG1000 A& Jii i 31) 0.2% [ DBTDL,
Jn#E 70°C, fHIR N 1h, AR ZE 85°C &I
2h, &—NCO ittt /5 CRM ZIE T %) J5,
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IPDI—Isophorone diisocyanate; PPG1000—Polypropylene glycol 1000; DBTDL—Dibutyltin dilaurate; BDO—1, 4-butanediol;
DMPA—Dimethylolpropionic acid; DOPO—9, 10-dihydro-9-oxygen-10-phosphophene-10 oxide; DABA—2, 2'-diallyl bisphenol A
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Fig.1 New waterborne polyurethane (DDBA/WPU) emulsion synthesis route
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L AR 2T A REAO I R, SR A KBr JR i,
AU L AR 4 21 A0 Ot 3% (FTIR) %04 . 80k
500~4 000 cm™, 4r¥EFE N 1em™. FEER T, R
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DDBA [ #% % 3£ & (NMR) Ot 3% o 5 i B i 7
DMSO-dj (500 uL) NMR #F 17 K I . 78 % 43 #r
Vario EL elemental 4+ #7 ¢ (& Elementar
Analysensysteme GmbH) 7£ 900°C A 858 5 14 T 3k
5, SRR E S IR 0T E,

1.5.2 B & gl

A b 22 BE AR B AT BR A | AE 7 1Y 720 ES
TRV B A 5 BT AR & GO AL (ICP-OES) il 6 [
1. DDBA (4 # & & . 150 mg [ {k DDBA #5 K 7£ 4
SAA T 2B AAK, H 25 mL 0.001 mol/L
KMnO, KIE WA &9, SRJG 258 17K F i
% 100 mL,

1.5.3 FLUK M RE 0 &

FLWCR AR B « B — T FL IO A 2R A8 K
MR R T -z — it sr %, {1 Malvern 2000
RSO CR A (FEE /K 3C, Malvern Panalytic),
£ 25°C T 120 s WIFA AL R AR . FLIEE Y
M . %M GB/T 2794—1995", i ji] 3*%6 1,
NDJ-4 Jig 5 Zh k. FL ke il . iR
P GB/T 6753.3—1986""", 7F & L& i A FL ,
B HLE O 10 min, %53k 3500 r/min, #5 TG UL
VEF ORI AT IR E A 6 N H .

1.5.4  JBe RS K AR A P g 0

KA fi A 0 . R T 2 R R A R
O] AE TR CA-100C 22 il £ 0 48, SR 6 245
T, DR TR KCE R TR A 4.0 uL,
FESF- AR 3 s, OT- 34l A o WK 24
e R AR ) 5 o 19 e IS J8 B /K Hhi2 i 24 h I
TEACHEBR KK, BRI, T SR B K %

=TT 100% 1)
mj

K o HWIKE (%); my. my 5350 8 B B 7K
HI . WK S B & (8)o
1.5.5 #AEHT

K 32 [ TA 2 6] A 77 1 TGASS Tiif 3t #4 5 43
By AT e B i A7 P EE 40 B (TGA). #F N, 0 T,
B H B T A AL AR H R 2L 10°C/min M 40°C F+ &
800°C
1.5.6  BHIAE AT 1 e

R PE ASTM D2863-00"", =K Ff] 6 [# TA 2\ A 4

77 1) K-R2406 S 1 Jie B 14 4046 %% (LoD fH . B4~
W E RN SF oA 130.0 mmx6.5 mmx3.2mm, 1R ##
ASTM D3801/UL-94", % FI 3% [/ TA A v 4 7= 1)
XWW-20 A {8 03K, B A B 5 0 A b RS oy
130.0 mmx6.5 mmx3.2 mm. fifi i 3 [F £ 75 28 7] A4
FEIY FTT BUAE IR B PGS BB 0 & AT R
JUSF 24 100.0 mmx100.0 mmx3.0 mmFid # i 2 55 78
R 4 (35 kw/m?)
1.5.7 R HT

K FH 2 4 75 2% 7 Y TESCAN MIRA LMS 94
HL B fUBR - RE B (OGS X (SEM-EDS), 7 15kV
HLE N, XTHETE ft a6 I e 6 5% 78 40 T 3
JCE AT TSR .
1.5.8 Ji gk

K FH A 95 4 2 ) XWW-20 A 7 RE 56 AL
PEAG B (P A B, e R 4047 500 N, P fifi i
XA 3mm/min, AR TR 75 mmx5 mmx2 mm.,
1.5.9 fUWIE 5 43 Hr

SEM il 12 >R 1 3¢ [ 4 5 2% 7] /1) Inspect F50 45
i 7 WA AT I, RS R A BT, A
bR, hnE HLE 10 KV,

2 XREREITIE
2.1 PFE#AF DDBA By R1E

SKHIFTIR Xf DDBA {E2=Z5 I HE TRAE, A& 2(b3)
JF 7R o 404 % % (KBr); 3223 cm”(fy 2 X );
3064 cm ™ (Cyromaic—H); 2962cm™ 1 2868 cm™
(—CHg); 2932cm™ (—CH,—); 1607cm™,
1595cm™, 1583cm™. 1560cm™ F1 1507 cm™(F%
FH %) 1440cm™(P—C); 1223cm™(P=0);
916 cm™'(P—O0—C); 754 con™ (BEEHVAE LA

XF e OB K 7 ) PC-NMR, 'H-NMR F1 *'P-
NMR, H& 2(cl) fizn, “C-NMR(DMSO-dg, 10°°):
30.00~45.00 7 J& T —CH,— 155 514 ; 42.00 |3J8 T
ARMHE R —CH,— 17 50, i s 5lh 114.68.
115.72, 120.09. 124.93~133.75. 137.72 7 )& T #
qE i —CH,— 15 5 1% ; 120.09. 124.93. 125.08.
125.31~125.25 il 114.68 JH J& T = BRI (R FFAF 1 5
154.00 V4 J& T4 i M 72 3 1 —CH,— & A% . 'H-
NMR(DMSO-ds, 10°%): 9.03(By #% & ); 8.22~
7.23(Coromatic—H, 5 JE 45 1 1 ); 6.75. 6.62 Fll
6.60(Caromaric—H, WAL H); 1.44(—CH,).
X} tt DOPO, DABA fl DDBA i 'H-NMR Fil "*C-
NMR, ‘EATH [ 885+ B A — 2ok .
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A 2(c3) frs, ¥P-NMR(DMSO-dg, 10°°) i

7R 37.51 BTG R W {5 5. E IR AN IR AL ONH e O e0
{32 %% R B 5 DDBA {5 25 g v (1 I 45— I ST o C i S FE
B JERAE (/558 %), C: 72.96/(72.98+0.10); \/T‘vwm
H: 5.71/(5.69£0.04); O: 12.96/(12.93£0.05). DDBA R o et

B *'P-NMR & 7~ £ & %, X) H &l 2(a3)
DOPO *'P-NMR ft. %% i # 14.56, DDBA # ii% ] fik
Y s . X & FARFE R . DOPO & T
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A1, BTN T ) DDBA 7E 3 545 cm! kb B R 5 04
S 10 7 B — 55 G502 6 7E 2 260 e Ab Y SRR
PR FE R AR WY O, U W DR 58 42 )N, DDBA Xt
WPU # 47 B &kt . 3511 cm™ &k I8 Jy 58 & ik
hom e, 7£3327cm™ 5 1708cm™ 4t F N—H
R gt A A S g R e R MG AT 0, 3K 1 I A R R
FEAE R FE PR HE AT ; 1558 cm™ Ab g 42 35k Y 1% g
SRR ; 1240 cm™ b RE TR C—0—C
RO 45 Pr 3% ; 1484cm™. 1084cm™ 1916 cm™
ib4351 DDBA 44t P—C. P—O il C—O # i
PRahig, XM DDBA Bk T WPU B4+,
2.2.2 DDBA i X WPU FLIR M i A4 5% i

71 DDBA/WPU FLE ML . Kite . REW
STHCMEFE S (PDI) . B A e MEAEPR, K% DDBA
WME RGN, LIRS WNG, FLIR R
B K, PDIE R RF7E 0.019~0.139, 3K WKL

SRS TR R AV S . DDBA/WPU ALl
1) %5 FE L B %5 DDBA ¥ il i 34 Jnini 45 K . DDBA
WEAYFEFER, TR ZER A i
o T L 5 e B P B KM o R K P A T
M 5 25 S SR L OB AR I K, FLIR AR s
SR, 4 DDBA & fi 3 i # 25% BF, &5 1K
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Table 1 Effect of DDBA content on the properties of WPU emulsion

Performance
n(DDBA)/%
Exterior Particle size/nm PDI Viscosity/(MPa-s) Stability
WPU Pan blue light 57.62 0.119 22.7 *
2.5 Pan blue light 63.84 0.057 25.5 *
5 Yellowish 74.00 0.097 26.8 *
7.5 Yellowish 78.02 0.108 28.7 *
10 Pale yellow 87.74 0.046 31.3 *
12.5 Pale yellow 99.09 0.025 32.8 *
15 Pale yellow 110.60 0.019 33.2 *
17.5 Milky white 128.20 0.035 34.9 *
20 Milky white 147.50 0.139 36.3 *

Notes: * indicates stable (>6 months); n(DDBA)—Mass fraction based on the total mass of IPDI and PPG1000; PDI—Polymer dispersibility

index.
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Fig.5 (a) TG curves of DDBA/WPU film; (b) DTG curves of DDBA/WPU film; (c) Changes of DDBA/WPU adhesive films at different temperatures

%2 WPU # DDBA/WPU A5 R
Table 2 Thermal decomposition data of WPU and DDBA/WPU

n(DDBA)/% Tyo%/ C Tnaxl/C Tinaxdl/C Tl 11/ °C TnaxlV/C Char yield/%
WPU 118.4 110.0 272.8 317.3 357.4 09
5 120.1 115.7 275.3 343.6 389.5 1.1
10 123.5 113.5 282.5 345.7 382.8 1.2
15 284.8 168.4 293.4 342.5 378.2 1.9
20 291.7 196.2 298.9 350.0 390.3 2.3

Note: T19%(C), Tmad('C), TnadI('C), TinalI(°C), TppardV('C)—Temperature of 10% weight loss, the maximum weight loss temperature of

the first, second, third and fourth stages.
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Table 3 Cone calorimetry data of the DDBA/WPU films

n(DDBA)/% TTI/s pHRR/(kW-m?) THR/(MJ-m?) ACOY/(kgkg') ACO,Y/(kg-kg™)CO/CO,

AEHC/(MJ-kg™") TSP/(m*m™)

WPU 9 1214.93 134.41 0.052

5 17 1190.58 104.82 0.054
10 20 1017.85 104.53 0.063
15 22 792.08 97.64 0.087
20 24 784.87 65.06 0.137

4.65 0.011 35.53 1235.02
3.13 0.017 23.04 1204.53
3.05 0.021 20.36 518.29
2.70 0.032 18.08 425.63
1.93 0.071 15.72 180.80

Note: TTI, pHRR, THR, ACOY, ACO,Y, CO/CO,, AEHC, TSP—Ignition time, maximum heat release rate, total heat release, average CO
generation, average CO, generation, and ratio of CO to CO, generation, the average effective heat of combustion, the total amount of flue

gas released.
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Fig. 7 Heatrelease rate (HRR) (a), total heat release (THR) (b) and effective heat of combustion (EHC) (c) of the DDBA/WPU film
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Fig.8 Total amount of flue gas released (TSP) (a) and flue gas release rate (SPR) (b) of the DDBA/WPU film and CO (c), CO, (d) generation rate

%4 DDBA/WPU BIE 5% (LOI) FIEEHKE (UL-94) F4
Table 4 Oxygen index (LOI) value and vertical combustion (UL-94) rating of DDBA/WPU

Vertical burning test
n(DDBA)/% After-flame time
LOI/% /s h/s UL-94 rating Dripping
WPU 21.9 76.0 78.2 Unrated Yes
5 26.8 11.3 10.7 V-1 No
10 29.3 8.7 7.5 V-1 No
15 32.4 4.9 5.4 V-1 No
20 35.9 2.9 1.6 V-0 No

Notes: The after-flame of specimen burned to the clamp in the first flame application; 7;, ,—Reignition time; V-0 for each individual sample

combustion duration 7; or /<10 s, burning particles or drips does not ignite skim cotton; V-1 for each individual sample combustion

duration 7] or <30 s, burning particles or drips does not ignite skim cotton.
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Fig.9 Surface morphologies and element distribution of DDBA/WPU conical calorimetric residues
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Fig. 10 (a) Surface micromorphologies of the residue from DDBA/WPU cone calorimetry; ((b), (c)) Macrophotographs of the residue

from the DDBA/WPU cone calorimeter front and side
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