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Abstract: Four flame-retardant DOPO  derivatives were successfully — synthesized by
Pudovik reaction, including 6,6-(([1,1-biphenyl]-4,4'-diylbis(azanediyl))bis (thiophen-2-
ylmethylene))bis(dibenzo[c,e][1,2]oxaphosphinine  6-oxide) 5a,  6,6'-(((sulfonylbis(4,1-phenylene))
bis(azanediyl)) bis(thiophen-2-ylmethylene))bis(dibenzo[c,e][1,2]oxaphosphinine 6-oxide) 5b, 6,6'-((1,4-
phenylenebis(azanediyl))bis(furan-2ylmethylene))bis(dibenzo[c,e][1,2]oxaphosphinine  6-oxide)
5¢ and 6,6'-((oxybis(4,1-phenylene))bis(1-(thiophen-2-yl)ethane-2,1-diyl))bis(dibenzo[c,e][1,2]
oxaphosphinine 6-oxide) 5d. Among them, flame retardants 5a and 5d were synthesized for the
first time. DOPO derivatives were combined with functionalized ammonium polyphosphate using
polyethyleneimine (PEI-APP) as flame retardant systems for epoxy composites. The combination
of compound 5a and PEI-APP gave the materials with the best flame retardancy. 6wt% of
PEI-APP/6% of 5a promoted the composite material to a V-0 rating in the UL-94 vertical burning
test, and the limiting oxygen index reached 28.9%. Flame retardants' impact on the mechanical and
physical properties of epoxy resin was also evaluated. The combination of 5a with PEI-APP
showed the least decrease in the mechanical strength of the epoxy composite.

Keywords: DOPO-based flame retardant, Pudovik reaction, flame retardancy, epoxy resin,
PEI-APP.
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Nghién ctu tong hop mot so dan xuat DOPO
ung dung ché tao compozit chong chay trén nén epoxy
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Tém tit: Bén dan xuat DOPO c6 kha ning chdng chay da dwoc nghién cau téng hop thanh
cong bing phan wng Pudovik, gébm c6 6,6'-(([1,1-biphenyl]-4,4'-diylbis(azanediyl))bis
(thiophen-2-yImethylene))bis(dibenzo[c,e][1,2]oxaphosphinine 6-oxide) 5a, 6,6"-(((sulfonylbis
(4,1-phenylene)) bis(azanediyl))  bis(thiophen-2-yImethylene))bis(dibenzo[c,e][1,2] oxaphosphinine
6-oxide) 5b, 6,6'-((1,4-phenylenebis(azanediyl))bis(furan-2ylmethylene))bis (dibenzo[c,e][1,2]
oxaphosphinine 6-oxide) 5c¢c va 6,6'-((oxybis(4,1-phenylene))bis(1- (thiophen-2-yl)ethane-2,1-
diyl))bis(dibenzo[c,e][1,2]oxaphosphinine 6-oxide) 5d. Trong do, 2 hop chét chéng chay 5a va 5d
la cac chat méi, lan dau tién duoc téng hop. Cac dan xuit DOPO di dugc nghlen ctru két hop véi
ammonium polyphosphate bién tinh véi polyethyleneimine (PEI-APP) lam h¢ chat chéng chay dé
ché tao vat liéu compozit trén co sé nhua epoxy. Két qua thu dwoc cho thay, trong sé bbn dan xuat
DOPO di téng hop duoc, din xuat DOPO 5a khi két hop véi PEI-APP tao ra vat liéu compozit c6
kha nang chéng chay cao nhat. Vi 6% khoi lugng PEI-APP két hop vai 6% khdi lugng dan xuat
DOPO 5a, vat liéu compozit dat mic VO theo phuong phap UL-94 va chi sb oxy gisi han (LOI)
dat 28,9. Anh huong cua céc chat Chong chay dbi véi tinh chit co 1y cua nhya epoxy ciing da duoc
danh gia. Két qua do bén va dap, do bén ubn va do bén kéo cua nhyua epoxy déu giam khi st dung
cac chat phu gia. Trong d6, do suy giam tinh chit co Iy cua mau compozit trén co s& nhua epoxy

sir dung dan xuat DOPO 5a két hop véi PEI-APP Ia nho nhét.

Tir khéa: Dan xuat DOPO, phan tmg Pudovik, compozit chong chéy, nhwa epoxy, PEI-APP.

1. Mé dau

Céc vu chay nd dé lai hau qua rét I6n ca vé
ngudi va tai san. Do vay, viéc phét trién cac
chat chéng chay va té hop chong chay 1a vo
cling can thiét va da dwoc nghién ctiu ché tao tur
nhiéu nam qua. Trong dé, cic chat chdng chay
chtra halogenua dugc sir dung lan dau tién tur
nhitng nam 1930 va tré nén phd bién bai hiéu
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qua chong chay cao. Tuy nhién, cac chat nay
gay nhiéu lo ngai vé tinh an toan cua chdng véi
suc khoe con nguoi va véi méi truong [1, 2].
Boi vay, mot s6 qudc gia trén thé gioi da ban
hanh cac quy dinh cdm céc chat chdng chay
chtra halogenua trén thi truong. Trong khi do,
cac chét chong chay khac, ma dic biét va céc
chat chtra phdt-pho da duoc phéat trién nham dat
dugc tiéu chi than thién vai moi truong va an
toan cho suc khoe [2].
9,10-Dihydro-9-oxa-10-phosphaphenan

threne-10-oxide (DOPO) duoc gidi thiéu lan
dau tién vao nim 1972 boi tap doan hoa chat
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Sanko va dugc tng dung nhu chat du cho tong
hop céc hop chat chéng chay phét-pho hiru co
[3]. Lién két H-P=0 trong phan tir ¢6 kha ning
phan ung cao, do vay, cac dan xuat cia DOPO
dé dang duogc tong hop thdng qua cac phan tng
nhu phan tng Pudovik, phan (ng Phospha-
Michael va phan tng Kabachnik-Fields [3, 4].
Trong s6 d6, mot vai nghién ctu vé cac hop
chéat chéng chay chira DOPO cho nhya epoxy
thé hién do bén nhiét tét véi kha ning chdng
chay cao. Vi dy, Xiwel Xu va cong su da cong
b tong hop hop chit 6,6'-(((methylenebis(4,1-
phenylene))bis(azanediyl))  bis((4-hydroxy-3-
methoxyphenyl)  methylene))  bis(dibenzo
[ce][l, 2] oxaphosphinine 6-oxide) (MP) la
mot dan xuat caa DOPO c¢6 tac dung hd tro
chbng chay ddi véi APP trong nhya epoxy. Cu
thé, xép hang UL-94 V-0 dat duoc véi 3% khdi
luong MP va 7% khéi luong APP, twong duong
v6i két qua thu duoc khi st dung 15% khoi
luong APP trong chong chay [5]. Peng Wang
va dong nghiép tién hanh nghién ctu mot hop
chat téng hop moi DAP. Viéc sir dung 10%
khdi luong DAP trén nhya epoxy dé cho thiy
hiéu qua trong viéc cai thién kha ning chong
chay, voi két qua dat duoc 1a xép hang V-0 va
chi s6 LOI dat muc 36,1% [6]. Hop chat DHI
duoc téng hop bai nhém nghién ctu cua Lei Li
thé hién mac xép hang V-0 trong thir nghiém
UL-94 va chi s6 LOI & muc 36,5% khi st dung
& ti 16 23,3% khdi lugng trong nhua epoxy [7].
Tuy nhién, xét vé cac tinh chit co 1y, nhya
epoxy s dung cac chit chéng chay chuta
DOPO van con nhiéu nhuge diém can duoc cai
thién [8-10].

Polyamine da nhanh polyethyleneimine
(PEI) voi vai tro 1a chat dong ran dugc phat
hién ¢ anh huong 16n dén do bén co hoc cua
nhua epoxy [11-14]. Trong mot cong bd cua
Felix N. Nguyen va cong su, PEI khi dugc thém
vao nhua epoxy cd kha nang tang cuong do
ciing cua to hop nhya [14]. Vén di cac amine
no nhu PEI rat d& chay [15-17], tuy nhién, khi
PEI két hop v&i ammonium polyphosphate
(APP) di tao ra mot hop chat chéng chay co
hi¢u qua cao [18]. Dya trén y tuéng nay, nghién
ciu cua chung toi hudng dén phat trién mot
cong thirc t6 hop giita PEI-APP va c4c dan xuat

chtra DOPO nham tan dung diém manh cia mdi
thanh phan.

Trong nghién cau nay, bdn hop chét chia
DOPO 5a-d dugc téng hop tir phan tng
Pudovik hai budc, trong d6 c6 hai hop chat mai
5a va 5d. Cau tric cua cac hop chit da tong hop
dugc xac dinh dua trén cac phuong phap phd
NMR. Céc vt liéu compozit di ché tao duogc
danh gia kha ning chong chay véi thir nghiém
chay ding UL-94, do chi s LOI, thir nghiém
cac tinh chat co 1y gdm do bén va dap (khdng
khia), do bén kéo, do bén udn va cac tinh chat
dac trung gdm kinh hién vi dién tir quét va phan
tich nhiét trong luong.

2. Thuc nghiém
2.1. Hoa chat va phwong phdp nghién ciru

Hoa chat dugc mua va st dung ngay
khéng qua tinh ché tir cac nha cung cip
Sigma-Aldrich (Merck, Bac) va tap doan
AK Scientific (M¥).

Pho IR dugc do trén méay Perkin Elmer
(vién nén KBr). Mau vat liéu dugc ép vién voi
KBr theo ty 1¢ 1mg mau/100 mg KBr va ghi
phd trong khoang sé song tir 400-4000 cm'™.
Pho *H-NMR va C-NMR dugc xic dinh st
dung phdé ké Bruker Advance 111-600 MHz
(Thuy Si) v6i TMS lam chét ndi chuan.

Kha ning chong chay cua cac mau vt lidu
dugc danh gia bang phuong phap UL-94-V va
duoc thuc hién theo ASTM D 3801-96 trén
thiét bi do chay Atlas Electric HVUL-94 (Atlas
Electric Devices Co. Ltd, M¥). Mau kiém tra c6
kich thuéc 125 x 13 x 3 mmé. Mau duoc dit
thang dung c6 dinh mot dau boi gia d5. Dat
ngon lira ¢6 chiéu cao trung binh 20 mm dudi
dau mau sao cho nghiéng mot goc 45 °trong 10
gidy, sau do dua ngon ltra ra ngoai, ghi nhan
thoi gian chay 1an mot cua mau cho dén khi tat.
Ngay lap tic dat ngon hra vao diu mau thuc
hién thao tac lan hai, tiép tuc ghi nhan thoi gian
chay. Po 5 mau, ghi lai thoi gian chéy, thoi
gian phat sang sau khi chay, kha nang chay tbi
da, va sy nho giot cua vat licu néu c6.

Chi sb oxy toi han (LOI) cua cac vat liéu
dugc do trén thiét bi JF-3 (Jiangning Analytical
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Instrument Factory, Trung Qudc) theo tiéu
chuan GB/T 10707-2008 vé&i d6 day cua tam
compozit 1a 3,4 mm. Miu duoc dit thang ding
trong 6ng hinh tru c6 cung cap hén hop khi nito
va oxy. Tuy theo loai vat liéu ta chon gia tri
LOI ban dau, ngon lira s& dwoc dét & phan trén
mau, khi mau bit dau chay, di chuyen ngon lia
va bat dau bam thoi gian, néu mau tat trong
vong 3 phut, tiép tuc tang gia tri LOI, lap lai
quy trinh dén khi dat gia tri LOI thap nhat ma
mau chay hon 3 phiit, ghi nhan gia tri LOI nay.
Tinh chat co 1y ctia cac vat liéu duoc danh
gia theo bai kiém tra d6 bén va dap Izod trén
thiét bi TM2101-T5 (Trung Qudc) theo tiéu
chuan ASTM D256 véi toc do va dap 3,5 m/s,
d6 bén udn do theo tiéu chuan ASTM D790
(2,8 mm/min) trén thiét bi ba diém bend
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fixtures machine G1095, Vuong quéc Anh va
d6 bén kéo do theo tiéu chuan ASTM D638
(5 mm/min) trén thiét bi GT-7010-D2ELP
Gotech Testing Machine, Pai Loan.

Hinh thai cua cac vat liéu dugc xdc dinh
bang phuong phap kinh hién vi dién tar quét
(SEM) trén thict bi Jeol JSM-7500F (Nhat Ban).
Mau dugc phan tan  trong etanol va phu mot Iop
mong 1én gia d& mau. Tiép theo, mau dugc siy
kho va phu 18n bé mat mot 16p vang cuc mong
va tién hanh ghi anh. Tinh chit nhiét cua cac
vt liéu duoc danh gia bang phuong phap phan
tich nhiét trong luvong (TG-dTG) trong khoang
nhiét d6 30-800 °C véi téc do gia nhiét
10 °C/phut trong dong khi argon, trén thiét bi
Labsys TG, SETARAM (Phap).

N

& 2O
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oo
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12h

£ s?
:ﬁ@OM:

So d6 1. Quy trinh téng hop cac hop chat 5a-d.

2.2. Quy trinh téng hop va xdc dinh cdu tric

6,6'-(([1,1'-Biphenyl]-4,4'-
diylbis(azanediyl))bis(thiophen-2-ylmethylene))
bis(dibenzo[c,e][1,2]oxaphosphinine  6-oxide)
5a duoc tong hop nhu sau: Hoa tan benzidine
(15 g, 81,4 mmol, 1 duong lugng) trong 50 ml
ethanol va dwa vao binh ciu hai cd.
2-thiophencarboxaldehyde (20 g, 179 mmol,
2,2 duong lwong) duoc tron lan voi 50 ml
ethanol va dua vao phan tng tir tir qua phéu
nho giot. Phan ung duoc khudy va dun héi luu
& 80 °C trong 8 gio. Phan tng dugc lam nguoi
vé nhiét do phong, chat rin sinh ra sau phan
ung dugc loc rira véi ethanol va lam khé dudi

ap suat giam thu duoc chét trung gian 3a. Chat
trung gian 3a (27 g, 72,5 mmol, 1 duong luong)
dugc tron vai DOPO (34,5 g, 159 mmol, 2,2
duong luong) va 100 ml ethanol trong binh cau
500 ml. Phan tng dugc dun ¢ 80 °C trong
12 gio. San pham ran sau phan tng dugc ria
nhiéu 1an véi ethanol thu dugc mot hop chat
dang rin mau nau Ia hop chit 5a (53 g, hiéu
Suat: 91% ). Mp. 245 °C. IR (KBr) vmax/cm™:
3288, 3063, 3028, 1612, 1502, 1475, 1430,
1325, 1236, 1198, 1116, 1043, 921, 821, 785,
752, 693. 'H NMR (600 MHz, DMSO) § 8,24 -
8,15 (m, 5H), 8,04 (td, J = 9,9, 4,2 Hz, 2H),
7,92 — 7,81 (m, 1H), 7,75 (dt, J = 21,9, 7,9 Hz,
3H), 7,55 (td, J = 7,5, 3,1 Hz, 2H), 7,43 (dq, J =
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12,6, 7,4 Hz, 6H), 7,34 — 7,28 (m, 3H), 7,27 —
7,18 (m, 1H) , 7,18 — 7,03 (m, 10H), 7,02 —
6,92 (m, 3H), 6,77 — 6,71 (m, 1H), 6,69 (dd, J =
8,8, 6,8 Hz, 4H), 6,56 (dt, J = 10,4, 5,5 Hz, 2H),
6,19 — 5,81 (m, 1H), 5,42 (ddd, J = 16,5, 10,2,
5,4 Hz, 2H). *C NMR (126 MHz, DMSO) $§
138,47, 135,44, 133,86, 131,85, 130,79, 129,95,
126,89, 126,77, 126,05, 125,93, 125,73, 124,78,
123,99, 121,58, 121,51, 119,98, 113,97, 48,55.
6,6"-(((Sulfonylbis(4,1-phenylene))bis
(azanediyl))bis(thiophen-2-ylmethylene))
bis(dibenzo[c,e][1,2]oxaphosphinine  6-oxide)
5b dugc téng hop theo quy trinh trong so dd 1
su dung diaminodiphenylsulfone (15 g, 60,4
mmol, 1 duong lugng), 2-thiophencarbox
aldehyde (14,9 g, 132,9 mmol, 2,2 duong lugng)
va DOPO (26,1 g, 120,9 mmol, 2,2 duong
lwong). Hop chét 5b thu duoc & dang chét rin
mau vang (41 g, hiéu suit: 86%). Mp. 247 °C.
IR (KBr) vmax/cm™: 2924, 2854, 1732, 1593,
1465, 1377, 1272, 1142, 1072, 918, 754. 'H
NMR (600 MHz, CDCI3) & 8,07 — 7,71
(m, 3H), 7,58 — 7,40 (m, 3H), 7,40 — 7,28 (m,
1H), 7,27 — 7,09 (m, 2H), 7,09 — 7,01 (m, 1H),
7,01 - 6,90 (m, 1H), 6,86 — 6,67 (m, 1H), 6,57
- 6,44 (m, 3H), 6,42 — 6,06 (m, 1H), 5,18 —
5,01 (m, 1H). 3C NMR (126 MHz, CDCI3) §
151,18, 151,15, 149,89, 149,18, 149,12, 149,06,
137,24, 137,16, 136,82, 136,74, 136,37, 134,29,
134, 17, 134,15, 132,28, 132,20, 131,74,
131,67, 131,56, 131,48, 131,10, 131,06, 131,00,
130,86, 130,83, 130,56, 130,46, 130,03, 12
9,14, 129,10, 128,74, 128,67, 128,59, 128,31,
128,21, 127,32, 127,19, 127,11, 127,06, 126,20,
126,04, 125,29, 125,25, 125,18, 125,06, 124,07
, 124,00, 123,76, 122,24, 121,86, 121,79,
121,71, 121,45, 121,29, 120,57, 120,52, 120,48,
120,43, 120,33, 113,99, 113,96, 113,37, 113,22,
113,16, 77,50, 53,62.
6,6'-((1,4-Phenylenebis(azanediyl))bis
(furan-2ylmethylene))bis(dibenzo[c,e] [1, 2]
oxaphosphinine 6-oxide) 5¢ dugc téng hop
theo quy trinh trong so do6 1 st dung
p-phenylenediamine (10 g, 92 mmol, 1 duong
lugng), furfural (19,55 g, 203 mmol, 2,2 duwong
lugng) va DOPO (37,8 g, 175 mmol, 2,2 duong
lwong). Hop chat 5¢ thu duge dudi dang chat

ran mau nau (47,1 g, hiéu suat: 85%). Mp. 236 °C.
IR (KBr) vmax/cm™: 3293, 1607, 1594, 1582,
1514, 1476, 1448, 1431, 1237, 1196, 1147,
1116, 1008, 908, 815, 753. 'H NMR (600 MHz,
DMSO) 8 8,16 (m, 2H), 7,92 (m, 1H), 7,75 (m,
1H), 7,51 (m, 2H), 7,39 (m, 1H), 7,29 (m, 1H),
7,06 (m, 1H), 6,36 (m, 4H), 5,50 (dd, J = 11,1,
3,3 Hz, 1H), 5,00 (dd, J = 17,0, 10,6 Hz, 1H).
13C NMR (151 MHz, DMSO) & 148,94, 148,88,
148,79, 142,92, 139,04, 138,95, 135,35, 133,73,
131,54, 130,68, 128,39, 128,31, 125,59, 124,65,
123,99, 123,93, 123,43, 122,66, 121,55, 121,49,
119,89, 119,85, 114,99, 110,63, 109,21, 109,186,
52,63, 51,88.

6,6'-((Oxybis(4,1-phenylene))bis(1-(thio
phen-2-yl)ethane-2,1-diyl))bis(dibenzo[c,.e] [1, 2]
oxaphosphinine 6-oxide) 5d: dwoc tong hop
theo quy trinh trong so dd 1 str dung diamino
diphenyl ether (15 g, 75 mmol, 1 duong lugng),
2-thiophencarboxaldehyde (18,5 g, 164,8
mmol, 2,2 duong lugng) va DOPO (33,1 g, 153
mmol, 2,2 duong luong). Hop chit 5d thu duoc
dué6i dang chat rin mau trang (53 g, hiéu suét:
93%). 5d: mp. 140 °C. IR (KBr) vmax/cm™:
3293, 3064, 1607, 1594, 1582, 1497, 1476,
1430, 1229, 1116, 919, 827, 755, 702. *H NMR
(600 MHz, DMSO) & 8,23 — 8,10 (m, 3H), 8,07
— 7,97 (m, 1H), 7,88 — 7,70 (m, 2H), 7,55 (td,
J=17,6, 3,8 Hz, 1H), 7,51 — 7,40 (m, 4H), 7,32
(qd, J = 4,2, 1,6 Hz, 2H), 7,24 — 7,16 (m, 1H),
7,15 — 7,06 (m, 2H), 7,00 — 6,92 (m, 2H), 6,72
~ 6,59 (m, 3H), 6,57 — 6,46 (m, 2H), 6,35
(dddd, J = 12,5, 10,4, 4,8, 2,3 Hz, 1H), 6,01 -
5,72 (m, 1H), 5,41 — 5,07 (m , 1H). *C NMR
(151 MHz, DMSO) 6 149,37, 149,23, 149,11,
148,88, 148,82, 148,66, 142,33, 142,26, 138,47,
138,39, 135,55, 135,25, 133,83, 133,39, 131,83,
130,75, 130,57, 128,41, 128,33, 128,24, 128,16,
127,97, 127,29, 126,92, 126,88, 126,77, 126,70,
126,55, 126,36, 126,10, 126,04, 125,71, 125,51,
124,73, 124,62, 124,03, 123,97, 123,89, 123,14,
122,36, 121,58, 121,36, 120,15, 119,94, 118,73,
118,61, 118,54, 118,42, 114,75, 114,64, 62,84,
53,16, 52,42, 52,33.

Téng hop PEI-APP: pha mot hdn hop gém
etanol (210 ml)/nude (10 ml). PEI (7 g) cén vao
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binh cau ba c¢6 ¢& 500 ml, thém vao 100 ml hdn
hop dung mai trén. Sau khi khudy 30 phat trong
moi truong Na, APP (10 g) dugc thém vao binh
cau cung véi 120 ml dung mdi con lai. Phan
mg duoc khuay thém 4 gio trong moi truong
khi tro. Chat rin mau trang thu dwoc sau phan
tmg duoc loc rira véi etanol, siy khd trong
4 gid & 80 °C va nghién thanh dang bot
(hiéu suat 65%) va khong tinh ché gi thém.
FTIR (KBr, cm®): 3058 (N-H mubi amine),
1689 (N-H), 1613 (N-H), 1466 (C-H alkane),
1442 (C-H alkane), 1252 (C-N amine), 1198
(P=0), 1015 (C-N amine).
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2.3. Phuong phap chudn bi c4c mau nhya
epoxy té hop

Nhya epoxy LR 385 (7,56 g) duogc tron vai
chat déng ran LH-368 (3,24 g) va duoc db vao
cac khuon c6 kich thuéc 125 mm x 13 mm x
3,2 mm va 75 mm x 13 mm x 3,2 mm. C4c mau
dugc dong ran trong 8h ¢ nhiét do phong. Doi
véi cac mau compozit, hdn hop nhya epoxy,
PEI-APP va dan xuiat DOPO (véi khdi luong
duoc liét ké trong Bang 1) duoc khudy trong 30
pht. Sau d6, chat dong ran LH-368 duoc thém
vao va hdn hop phan tng duoc khudy thém 2
phat truéc khi d6 vao khuén véi kich thuoc
duoc m6 ta nhu trén.

Bang 1. Thanh phan cac mau nghién ciu

x Nhya | Chétdéng | PEI-APP Din xuit DOPO

Mau P

epoxy (9) ran (g) (9) 5a 5b 5¢ 5d
EP 8.4 36 ] ] ] _ ]
EP/12HD5a 8.4 36 - 1,44 ] ] )
EP/12HD5b 8.4 36 - ] 144 ] ]
EP/12HD5c 8,4 3,6 - - - 1,44 -
EP/12HD5d 8.4 36 - - - . 1,44
EP/12PEI-APP 8.4 36 1,44 ] ] ] )
EP/6PEI-
APP 6HD5a 84 36 0,72 0,72 ) ) .
EP/6PEI-
APP.6HD5b 84 36 0,72 - 072 ] )
EP/6PEI-
APP.6HD5¢ 8.4 3,6 0,72 - - 0,72 ;
EP/6PEI-
APP.6HD5d 8.4 3,6 0,72 - - - 0,72

3. Két qua va thao luan
3.1. Kha ndng chong chay

Kha ning hiép ddng cua cac din xuit
DOPO ddi véi chat chéng chay PEI-APP duoc
thé hién rd qua két qua danh gia kha ning
chéng chay cua vat liu compozit trén co so
nhya epoxy trong Bang 2. Nhya EP ban dau c6
kha niang bat chay cao khi danh gid bang
phuong phap UL-94 va LOI. Cac mau compozit
trén co s nhua epoxy chi sir dung cac dan xuat

DOPO ¢ ham luong 12% khéi lugng déu cho
kha niang chdng chay khong tét, twong tu nhu
mau EP. Nguoc lai, véi ham lugng chat chdng
chdy PEI-APP la 12% khdi lwong, mau
EP/12PEI-APP di dat dwoc kha niang chéng
chay khé tét, voi thoi gian dap tit ngon lra la
24-28 gidy. Két qua ndy cho thiy vat liéu dat
dugc kha ning chong chiy V1 theo phuong
phép UL-94. Ngoai ra, chi s6 LOI cua vat ligu
dat 27,6%, tro thanh vat liéu cd kha nang tu dap
tat ngon lira [20, 21]. Ham luwong 12% khdi
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luong duoc lya chon cho cac khao sét tiép theo
nham danh gia tac dung hiép tro cua cac dan
xuit DOPO dbi vai chat chdng chay PEI-APP,
gilp tiép tuc ting cudong hon nira kha ning
chéng chay cua vat liéu compozit trén co s&
nhya epoxy, biang cach thay thé 50% chat
chbng chay PEI-APP bang cac dan xuit DOPO.

Bon loai din xudt DOPO khac nhau
(5a, 5b, 5¢, 5d) da tong hop duoc khao sét kha
ning phdi hop véi PEI-APP lam hé chéng chay
cho vit liéu compozit trén co sé nhua epoxy.
Két qua trong Bang 2 cho thdy cac mau

compozit trén co s nhya epoxy thu duoc déu
c6 kha nang chdng chay tot, véi cac théng sé t1,
t2 cua chi tieu UL-94, chi sb LOI déu dat ngang
hoic duoc cai thién hon so vdi mau EP/12PEI-
APP. Két hop véi két qua da thu dugc & trén vé
kha niang chong chay cua vat liéu compozit trén
co so nhua epoxy khi sir dung don 16 12% khdi
lugng dan xuit DOPO hoac 12% khéi lugng
PEI-APP di cho thay rd hiéu tng hiép tro cua
cac dan xuat DOPO gitip ting cudng hiéu qua
cia hé chéng chay gom dan xuit DOPO va
PEI-APP.

Bang 2. Két qua kha niang chéng chéy cua cac vat lisu

ST | vattieu Tinh chét chdng chay
t1 (s) t2 (s) UL-94 rating | LOI (%)
1 |EP t1= Chay hét NQ 19,2
2 | EP/12HD5a t1= Chay hét NQ -
3 | EP/12HD5b t1= Chay hét NQ -
4 | EP/12HD5c t1= Chay hét NQ -
5 | EP/12HD5d t1= Chay hét NQ -
6 | EP/12PEI-APP 24 28 V1 27,6
7 | EP/6PEI-APP.6HD5a 2 5 VO 28,9
8 | EP/6PEI-APP.6HD5b 23 26 V1 27,8
9 | EP/6PEI-APP.6HD5c 5 9 VO 28,4
10 | EP/6PEI-APP.6HD5d 26 28 V1 27,4

t1 va t2 Ia thoi gian can thiét dé cac mAu tu tit lira sau khi dot 10s.
NQ: khong dat tiéu chuan.

Trong s6 4 mau sir dung cac dan xuét
DOPO, ca mau compozit EP/6PEI-
APP.6HD5a va EP/6PEI-APP.6HD5c cho két
qua chéng chay cao hon so vé6i hai miu
EP/6PEI-APP.6HD5b va EP/6PEI-APP.6HD5d,
v6i kha ning chong chay dat mac VO theo
phuong phap UL-94 va chi s6 LOI cao, lan luot
la 28,9 va 28,4%. Két qua nay cho thiy din
xuit DOPO 5a va 5¢ ¢6 kha ning higp dong véi
PEI-APP tét hon so véi cac dan xuit DOPO 5b
va 5c.

Dan xuat DOPO 5a va 5¢ c6 dic diém chira
tuong wng 2 va 1 vong benzen lam cau ndi cho

hai nhém amin béac 2. Kha ning chéng chéy cua
mau EP/6PEI-APP.6HD5a (T = 2-5 s; chi sb
LOI: 28,9%) nhinh hon so véi mau EP/6PEI-
APP.6HD5c (T = 5-9 s; chi s6 LOI: 28,4%).
Két qua nay cho thay ciu tric véi cau ndi hai
nhom amin bac hai la 2 vong benzen cua dan
xuat DOPO 5a cho hiéu qua hiép trg PEI-APP
tot hon.

Trong khi d6, dan xuit DOPO 5b va 5d
twong ty nhu 5a, chia 2 vong benzen ¢ vi tri
cdu ndi 2 nhém amin bac hai. Tuy nhién, hai
vong benzen nay duoc ndi voi nhau qua cau S
(dan xuat DOPO 5b) va O (dan xuat DOPO 5d).
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Két qua cho thdy kha niang chéng chay cua vat
liéu compozit trén co s& nhua epoxy st dung
dan xuat DOPO 5b va 5d kém hon so véi dan
xuit DOPO 5a. Nhu vay, din xuit DOPO 5a la
phl hop nhit va cé tac dung hiép tro tot nhat
cho h¢ chéng chay gom dan xuat DOPO va
PEI-APP dé cai thién kha ning chdng chay cho
vat liéu compozit trén co s nhua epoxy.

3.2. Tinh chat co Iy va dic trung vit liéu compozit

Sy két hop dan xuat DOPO va PEI-APP di
cai thién dang ké kha nang chong chay cua vat
liéu compozit trén co s& nhya epoxy, tuy nhién,
cling anh huong dang ké dén do bén cua vat
lieu. Két qua thu dugc trong Bang 3 cho thiy
tinh chét co 1y cua vat liéu thé hién qua do bén
va dap, do bén kéo va do bén udn déu giam khi
st dung céc chat chéng chay dan xuat DOPO
va/hoic PEI-APP. Tinh chét co 1y ctia cac mau
sir dung PEI-APP c6 d6 giam siu hon nhiéu so

véi sir dung dan xuat DOPO. Khi phéi hop dan
xuit DOPO va PEI-APP, cac mau compozit
trén co so nhua epoxy thu dwoc déu han ché
duoc sy giam tinh chat co 1y.

Trong d6, viéc st dung dan xuit DOPO 5a
két hop véi PEI-APP cho két qua tdt nhat so voi
3 dan xuit DOPO 5b, 5c va 5d. Vat liéu
compozit st dung 6% dan xuit DOPO 5a két
hop vé&i 6% PEI-APP dat c4c chi tiéu do bén va
dap, do bén kéo va do bén udn dat lan luot 1a
23,52 kJ/m?, 39,42 Mpa va 63,21 Mpa. So Vvéi
nhya epoxy ban dau, céc chi tiéu vé do bén cua
vat liéu compozit nay giam khoang 44-46%.

Két qua nghién cau kha nang chéng chay
va tinh chét co 1y cho thay viéc két hop giita
dan xuat DOPO 5a va PEI-APP tao ra vat liéu
compozit trén co s& nhya epoxy cd kha nang
chéng chay va tinh chat co Iy phu hop.

Bang 3. Tinh chit co Iy cuia cac vat liéu compozit

STT | Vatlieu (kh?r?gbiﬁi;)a(ii?m% Dé(fné;al)(eo Dé(lk\)/?;a;lén
1 |ep 42,18 72,42 115,8
2 | EP/12HD5a 28,43 48,74 78,81
3 | EP/L2HD5b 26,19 43,15 67,35
4 | EP/12HDSC 27,56 46,28 71,57
5 | EP/L2HD5d 26,54 45,49 73,14
6 | EP/12PEI-APP 12,82 30,56 41,07
7 | EPI6PEI-APP.6HD5a 2352 39,42 63,21
8 | EP/6PEI-APP.6HDS5b 22,83 39,01 62,98
9 | EP/6PEI-APP.6HD5C 21,71 37,22 60,12
10 | EP/6PEI-APP.6HD5d 20,19 38,62 61,75

Tinh chét co 1y cua cac compozit ¢ thé
duoc giai thich qua két qua nghién cau hinh
thai bé mat caa cac mau vat liéu bang anh SEM
(Hinh 1). Viéc bd sung thém cac dian xuit
DOPO va PEI-APP di lam thay déi tuvong dbi
rd rét hinh thai bé mat cua vat liéu nhua epoxy.
Céc phu gia PEI-APP va dan xuit DOPO c6 thé
quan sat dugc kha rd trén anh SEM véi sy phan

bé kha dong déu trén bé mat vat liu. Két qua
nay cho thay hé phu gia chong chay cé thé phat
huy duoc hét tac dung véi sy phan bé dong déu
nay. Nhin chung, bé mat cua vat liéu khi dua
thém céc phu gia chéng chay khong c6 hién
tugng bi pha v hoic tao 15 rdng trén bé mat.
Vit liéu compozit trén co s& nhua epoxy sir
dung dan xuat DOPO 5a két hop véi PEI-APP
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¢6 hinh thai twong d6i min thé hién kha ning
turong hop tt ciia phu gia voi nén epoxy. Céu
tric ua hitu co ciia dan xuit DOPO 5a giup ting
kha nang tuong hop cua chlng véi nén epoxy.
Két qua danh gia kha ning chéng chay va
tinh chét co 1y thu duoc & trén mot lan nixa
dugc 1am rd qua két qua dic trung phan tich
nhiét cua cac mau compozit. Hinh 2 va Bang 4
md ta két qua phan tich nhiét TG-dTG cua c4c
mau nghién ctru. Nhya EP phan hay & 368,7 °C,
trong khi do, cac vat liéu compozit trén co so
nhua EP sir dung cac phu gia PEI-APP va céac
hé chong chay gdm dan xuit DOPO/PEI-APP
déu phan hay nhiét sém hon so véi nhya EP

EP/12HD54a

WO

EP/GPEI-APP.6HD5a

x200

113

ban dau. Pay la két qua thé hién co ché chéng
chéay cua cac phu gia chdng chay PEI-APP hay
céc dan xuit DOPO.

Céac phu gia nay tao ra I6p than bao vé,
ngin cach nhya nén tiép xdc tryc tiép véi nguon
nhiét, qua dé tao ra kha ning chéng chay cho
vat liéu. Ngoai ra, ham luong chit rin (tro) con
lai & 700 °C ciing cho thdy két qua cac mau
compozit sir dung céc chat chong chay déu cho
ham luong tro con lai cao hon so véi mau EP.
Lép than hinh thanh trong qué trinh chay cua
cac mau compozit ¢6 tac dung bao vé vat liéu,
han ché tac dung cua qué trinh phan hay nhiét.

TG/%

T T T T T T T
100 200 300 400 500 600 700
Temperature/°’C

T T T T T T 1
100 200 300 400 500 600 700
Temperature/°C

Hinh 2. Két qua phan tich nhiét ciia cac vat lidu. EP (A); EP/6PEI-APP.6HD5a (B);
EP/6PEI-APP.6HD5c (C); EP/12PEI-APP (D).

Bang 4. Dix liéu phan tich nhiét cua cac vat liéu

Mau Tmax (°C) | Ham luong chat rin con lai & 700 °C (%)
EP 368,7 5,93
EP/12PEI-APP 337,3 13,34
EP/6PEI-APP.6HD5c 340,5 13,70
EP/6PEI-APP.6HD5a 349,5 16,22
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Két qua TG-dTG ciing cho phép giai thich
cho tinh chit co 1y cua cac mau vat lidu. Két
qua tinh chat co 1y thu dwoc trong Bang 3 da
cho thay, khi sir dung cac chat phu gia chong
chay da anh huong lam giam co tinh so véi vat
liéu EP ban du, theo chiéu huéng giam dan EP
> EP/6PEI-EP.6HD5a > EP/6PEI-EP.6HD5c >
EP/12PEI-APP. Két gua TG-dTG ciling cho
thiy két qua nay, véi nhiét do xay ra qua trinh
phan hiy nhiét cua cac mau vat ligu tuong ung
theo chiéu huéng nay la 368,7 °C > 349,5 °C >
340,5 °C > 337,3 °C. Nhiét d6 phan huy cao
hon cho thay kha ning bén nhiét cua mau tot
hon, nhd ¢6 ciu tric viing chac, thé hién qua
tinh chat co 1y t6t hon, vai luu ¥, d6 bén nhiét
khéng ty 1¢ thuan voi kha niang chdng chay.

4. Két luan

Cac dan xuat DOPO dugc tong hop tir phan
tmg Pudovik di cho két qua kha quan khi hicp
ddng véi PEI-APP 1am chat chéng chay sir
dung cho nhya epoxy. Véi tong ham lwong phu
gia 12 12% khéi luong (6% PEI-APP va 6% dan
xuit DOPO 5a), vit liéu compozit trén co s&
nhya epoxy thu dugc c6 kha nang chong chay
dugc cai thién ro rét (dat VO theo phuong phap
UL-94 va chi s6 LOI dat 28,9%) so véi nhua
epoxXy VA so voi cac mau sir dung don 1¢ cac
phu gia PEI-APP hoic din xuit DOPO. Khong
nhitng thé, vat liéu compozit sir dung t& hop
PEI-APP va dan xuat DOPO 5a con cho thiy
tinh chit co 1y t&t hon nho kha niang twong hop
tét cua dan xuat DOPO 5a véi nén nhya epoxy.
Céc két qua thu duoc ciing c6 thé goi mo tiém
nang ung dung cua hé chat chéng chay gém dan
xuit DOPO 5a két hop voi PEI-APP cho céc
loai nhua nén khéc.

Loi cam on
Nghién ctru nay duoc tai tro bai Vién Han

lam Khoa hoc va Cong ngh¢ Viét Nam theo dé
tai ma sé “TBPCCC.03/21-23".

Tai ligu tham khao

[1] T.R. Hull,R.J. Law, A. Bergman, Environmental
Drivers for Replacement of Halogenated Flame

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

Retardants, in: C. D. Papaspyrides, P. Kiliaris
(Eds.), Polymer Green Flame Retardants,
Elsevier, Amsterdam, 2014, pp. 119-179.

A. B. Morgan, Regulations and Other
Developments/Trends/Initiatives Driving
Non-Halogenated Flame Retardant use, in A. B.
Morgan (Ed.), Non-Halogenated Flame Retardant
Handbook, Wiley, New Jersey, 2022, pp. 1-22.

K. A. Salmeia, S. Gaan, An Overview of some
Recent  Advances in  DOPO-Derivatives:
Chemistry and Flame Retardant Applications,
Polym, Degrad, Stab, Vol. 113, 2015, pp. 119-134,
https://doi.org/10.1016/j.polymdegradstab.2014.12.014.
S. Wendels, T. Chavez, M. Bonnet, K. A.
Salmeia, S. Gaan, Recent Developments in
Organophosphorus Flame Retardants Containing
P-C Bond and Their Applications, Materials,
Vol. 10, 2017, pp. 784,

https://doi: 10.3390/ma10070784.

X. Xu, S. Wang, S. Ma, W. Yuan, Q. Li, J. Feng,
J. Zhu, Vanillin-Derived Phosphorus-Containing
Compounds and Ammonium Polyphosphate as
Green Fire-Resistant Systems for Epoxy Resins
with Balanced Properties, Polym, Adv, Technol,
Vol. 30, 2019, pp. 264-278,
https://doi.org/10.1002/pat.4461.

P. Wang, F. Yang, L. Li, Z. Cai, Flame-Retardant
Properties and Mechanisms of Epoxy Thermosets
Modified with Two Phosphorus-Containing
Phenolic Amines, J. Appl, Polym, Sci, Vol. 133,
2016, pp. 43953,
https://doi.org/10.1002/app.43953.

L. Li, S. Li, H. Wang, Z. Zhu, X. Yin, J. Mao,
Low Flammability and Smoke Epoxy Resins with
a Novel DOPO-Based Imidazolone Derivative,
Polym, Adv, Technol, Vol. 32, 2021, pp. 294-303,
https://doi.org/10.1002/pat.5085.

H. Wang, S. Li, Z. Zhu, X. Yin, L. Wang,
Y. Weng, X. Wang, A Novel DOPO-Based Flame
Retardant Containing Benzimidazolone Structure
with High Charring Ability Towards Low
Flammability and Smoke Epoxy Resins, Polym,
Degrad, Stab, Vol. 183, 2021, pp. 109426,
https://doi.org/10.1016/
j.polymdegradstab.2020.109426.

Y. Q. Shi, T. Fu, Y. J. Xu, D. F. Li, X. L. Wang,
Y. Z. Wang, Novel Phosphorus-Containing
Halogen-Free lonic Liquid Toward Fire Safety
Epoxy Resin with Well-Balanced Comprehensive
Performance, Chem, J. Eng, Vol. 354, 2018,
pp. 208-219,
https://doi.org/10.1016/j.cej.2018.08.023.


https://doi.org/10.1016/j.polymdegradstab.2014.12.014
https://doi.org/10.3390%2Fma10070784
https://doi.org/10.1002/pat.4461
https://doi.org/10.1002/app.43953
https://doi.org/10.1002/pat.5085
https://doi.org/10.1016/
https://doi.org/10.1016/j.cej.2018.08.023

[10]

[11]

[12]

[13]

[14]

T. D. Cong et al. / VNU Journal of Science: Natural Sciences and Technology, Vol. 40, No. 1 (2024) 105-115

Z. Yao, L. Qian, Y. Qiu, Y. Chen, B. Xu, Flame
Retardant and Toughening Behaviors of
Bio-Based DOPO-Containing Curing Agent in
Epoxy Thermoset, Polym, Adv, Technol, Vol. 31,
2019, pp. 461-471,

https://doi.org/10.1002/pat.4782.

D. Santiago, X. F. Francos, X. Ramis, J. M. Salla,
M. Sangermano, Comparative Curing Kinetics
and Thermal-Mechanical Properties of DGEBA
Thermosets Cured with a Hyperbranched
Poly(ethyleneimine) and an Aliphatic Triamine,
Thermochim, Acta, Vol. 526, 2011, pp. 9-21,
https://doi.org/10.1016/j.tca.2011.08.016.

X. F. Francos, D. Santiago, F. Ferrando,
X. Ramis, J. M. Salla, A. Serra, M. Sangermano,
Xavier Fernandez-Francos, David Santiago, Francesc
Ferrando, Xavier Ramis, Josep M. Salla, Angels
Serra, Marco Sangermano, Network Structure and
Thermomechanical Properties of Hybrid DGEBA
Networks Cured with 1-methylimidazole and
Hyperbranched Poly(ethyleneimine)s, J. Polym,
Sci. B: Polym, Phys, Vol. 50, 2012, pp. 1489-1503,
https://doi.org/10.1002/polb.23145.

F. N. Nguyen, A. M. Saks, J. C. Berg, Use of
Polyethyleneimine Dendrimer as a Novel Graded-
Modulus Interphase Material in Polymeric
Composites, J. Adhes, Sci. Technol, Vol. 21,
2007, pp. 1375-1393,
https://doi.org/10.1163/156856107782313610.

F. N. Nguyen, J. C. Berg, Novel Core-Shell
(Dendrimer) Epoxy Tougheners: Processing and

[15]

[16]

[17]

(18]

115

Hot-Wet Performance, Compos, Part a Appl, Sci,
Manuf, Vol. 39, 2008, pp. 1007-1011,

https://doi.org/10.1016/j.compositesa.2008.03.005.

F. G. Garcia, B. G. Soares, V. J. R. R. Pita,
P. Sanchez, J. Rieumont, Mechanical Properties of
Epoxy Networks Based on DGEBA and Aliphatic
Amines, J. Appl, Polym, Sci, Vol. 106, 2007,
pp. 2047-2055, https://doi.org/10.1002/app.24895.

C. H. Lin, C. C. Feng, T. Y. Hwang, Preparation,
Thermal Properties, Morphology, and
Microstructure of Phosphorus-Containing
Epoxy/SiO- and Polyimide/SiO, Nanocomposites,
Eur, J. Polym, Vol. 43, 2007, pp. 725-742,
https://doi.org/10.1016/j.eurpolym;j.2006.12.030.

S. Yang, J. Wang, S. Huo, M. Wang, J. Wang,
Preparation and Flame Retardancy of a
Compounded Epoxy Resin System Composed
of Phosphorus/Nitrogen-Containing Active
Compounds, Polym, Degrad, Stab, Vol. 121,
2015, pp. 398-406,
https://doi.org/10.1016/j.polymdegradstab.2015.1
0.006.

Y. Tan, Z. B. Shao, L. X. Yu, Y. J. Xu, W. H.
Rao, L. Chen, Y. Z. Wang, Polyethyleneimine
Modified Ammonium Polyphosphate Toward
Polyamine-Hardener for Epoxy Resin: Thermal
Stability, Flame Retardance and Smoke
Suppression, Polym, Degrad, Stab, Vol. 131,
2016, pp. 62-70,
https://doi.org/10.1016/j.polymdegradstab.2016.0
7.004.


https://doi.org/10.1002/pat.4782
https://doi.org/10.1016/j.tca.2011.08.016
https://onlinelibrary.wiley.com/authored-by/Fern%C3%A1ndez%E2%80%90Francos/Xavier
https://onlinelibrary.wiley.com/authored-by/Santiago/David
https://onlinelibrary.wiley.com/authored-by/Ferrando/Francesc
https://onlinelibrary.wiley.com/authored-by/Ferrando/Francesc
https://onlinelibrary.wiley.com/authored-by/Ramis/Xavier
https://onlinelibrary.wiley.com/authored-by/Salla/Josep+M.
https://onlinelibrary.wiley.com/authored-by/Serra/%C3%80ngels
https://onlinelibrary.wiley.com/authored-by/Serra/%C3%80ngels
https://onlinelibrary.wiley.com/authored-by/Sangermano/Marco
https://doi.org/10.1002/polb.23145
https://doi.org/10.1163/156856107782313610
https://doi.org/10.1016/j.compositesa.2008.03.005
https://doi.org/10.1002/app.24895
https://doi.org/10.1016/j.eurpolymj.2006.12.030
https://doi.org/10.1016/j.polymdegradstab.2015.10.006
https://doi.org/10.1016/j.polymdegradstab.2015.10.006
https://doi.org/10.1016/j.polymdegradstab.2016.07.004
https://doi.org/10.1016/j.polymdegradstab.2016.07.004

