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JIA Yuyaol’z, JIANG Qinyaol’z, YANG Shaozhe'?, WU Rongl’z, BAI Wei'", TANG Anbin®*

(1. Chengdu Institute of Organic Chemistry, Chinese Academy of Sciences, Chengdu 610041, Sichuan, China;
2. University of Chinese Academy of Sciences, Beijing 101400, China; 3. Sichuan EM Technology Co., Ltd., Mianyang
621000, Sichuan, China )

Abstract: Phosphonitrile compounds, rich in nitrogen and phosphorus, and with high flame-retardant
efficiency, are a new type of flame retardants developed in recent years. Herein, the flame-retardant
mechanism of phosphonitrile compounds was described, pointing out that the highly reactive chlorine atom
in the side group of cyclophosphonitrile has been used to react with benzene groups, via microencapsulation
and introduction of other flame retardant elements (Si, S, etc.) for improvement in the compatibility and
flame retardant efficiency of added phosphonitrile flame retardants with base materials. The research
progress on added phosphonitrile flame retardants and their effects on flame retardancy were introduced in
detail, showing that phosphoronitrile with the active group at the end can copolymerize with the base
materials, and the highly crosslinked structures formed can reduce the degradation of the thermodynamic
properties of the base materials. The influence of reactive phosphoronitrile flame retardants on flame
retardancy as well as the flame retardancy mechanism was further summarized. The latest research progress
on micro- and nano-structured phosphonitrile flame retardants and functional phosphonitrile flame
retardants were reviewed, and the effect of the phosphonitrile compound structure on flame retardancy and
flame retardancy mechanism was summarized. Finally, the development direction of phosphonitrile
compounds in the future was discussed.
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Fig. 1  Structural formula of HCCP and its derivatives
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Fig. 2 Schematic diagram of polymer combustion process
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Fig. 3 Schematic diagram of flame retardant process of polymer
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Fig. 5 Structural formula of hexa(4-hydrazone-2-methoxyphenoxy)
cyclotriphosphonitrile compounds
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Fig. 10  Structural formula of phosphonitrile-triazine double
group flame retardants
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MRMAERES AL, 1 ELBE AT T L35 5) HLRR G o B
MEREREAACR TR T 0 T AR A BELA R PR AT T 5
PR A, SRR IOR IR 7okt
BRI LA OB A ARG IR A, 1R
RUBERG BHIA T, e B R4 i $A8e e M AN BHBR 1 BB o
3.1 NG T I B B B R AR

CHENG ZEUT R oyt A5 B T 3 - g s A,
IR =BENERTAEY (ABCP), F¥5 HAE N Iy A
GRHRA S EP #E175CHK, il £ T EP/DDS/ABCP #4
W PER RN, 24 ABCP it /80 13.3%HT, $E P
FHEH LOT ly 31.2%, UL-94 Mkl V-0 2%, 2R
FHi A (DSC) ML REKW, ABCP 5| LA
HEH P HEFRS, SR E S A 5 DDS Z ]
TSR N o I Hr e 58, ABCP ikl T EP
RN, A B TIRE 205k . A& 5
A 13.3%0) ABCP &, ARPEM BIFE S &M T
A AT SE R, EP AR R R 1.9%4 5
Z 4.0%, AFEER T fHEER A 1564 MPa
B2 1764 MPa, FHRHINITESETE .

YANG %1815 Bl T — b s 07 28 BELA 370 7S (V.
MR- ¥R 5L - R ) - 31 — Wk liE ( HPHPCP ), H45+X4n
BlO13 fron, JF Hoil 4 T BHBA BE 5T 2 240 s i UK
( FR-RPUFs ),

\ O
po H p~ "
C ﬁ)
o o
C—
Pwprn”
J H, O
\ o0~
0-P=0 0.9
' SP=N
HO/CH / v O >
Pl (0]
N0 \ 0
_P—N H p”
°5 <%
0 OH \
Oo_ /
7 C
I \ _C—OH
OH -
/\ - \H
SR

K 13 HPHPCP (45
Fig. 13 Structural formula of HPHPCP
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HPHPCP [ 2 T fig i b & A 5 3508 & 19 32 B
B, 1R AR EE B IR AE R B IE B ok J2 TR e
AT LA kiR 2, I BR il R e ik A v KA R 4
HPHPCP [ fin A2 TR R W3S HEEE , fif FR-RPUFs
B AR T . S A R B Y AR . Y
HPHPCP J5i 5050k 10%05}, FR-RPUFs figi# i UL-94
MR 3] HF-1 4% ; 24 HPHPCP it 0800 15%HT,
FR-RPUFs 4T 5 B AH A T A8 o 5 20l ot vk 2 Rk
(RPUF ) ¥4/ 64%, LOI iK% 25%, F£ILH R4
1) J1 2 PERE P AR s 4 HPHPCP Jit & 43 80K
25%#Ht, RPUF 1 FR-RPUFs Y Tso 53 51K 201.4.
235.9 °C, R RIFpIRFEEdE.
3.2 WEREPEMARIRE

RS T AR — O R BE A, X T
SRR —E I, (ARG . AR E A
o BEIEESH S 6 DOV, FIH HCCP i)kt
il & o TR, TR T ARk BE R 1 B 1Y [ B 2R
BN AR 4y TR, JACEK 45110 HCCP
JlEk, %K HME R, HS5Z 28 (EG) /H
M (GLYC) &b, AT 2 FhdE T35 =B ig SR BAIK
¥ (HGCTP-EG 1 HGCTP-GLYC ); FRIH Ik 58 fik
5 44-Z kW — S E B RUK RN, 2 RE
A AT PR ROR B R A BRI IK , SRIG7E 175 °CF
PEATIR AR 3, O PR BHBR T rEAS 2 i — 20 i $2 7,
HGCTP-EG (1) LOI H iR K Hi Y 21.8%4& T+ % 38.4%,
HGCTP-GLYC ) LOI iR kKATHY 21.6%IR T+ =
38.2%. KR K2 T PU RUJCR AL, Hdb N &
HIM, H &R, HedarHRcs S30H
PRBCRIGTIN, 2 R IR I 4 e AT 2 T 8

FEAMRLAEBES UL 7S (4-F2 R 0K 38 3R =
oA R BRI R EORE, AT R S AR ER
—ENERIOR IR (A E 14 PR ), IEXT
AT 4

K14 5 SR ER =il B R PR 25 1 5C
Fig. 14 Structural formula of highly branched cyclotriphosphonitrile
type benzoxazine

XoF Ak 77 A T IR E MR BE AR T, 2
FW], HAE 800 °CTFERAAE N 64.97%, = T XMW A
RURAITIEYE (PBa). XUy F AV IR ( PBf)
1) 31.62%F1 38.60%, TEFH#AVERE T, R0
B LOT Al e, 55T 43.5%, UL-94 Mt
F PBa fl PBf () V-1 &, K8 T V-0 4, Ts, N
344.1 °C, & F PBa ) 300.2 °CHl PBf 1 291.9 °C,
BT R S A P =l I 78 R T RE R B A T R A 3 R
JE, A A AL 50 B R TREGE 5 S p S i TR
PRI BELBAE o

S ] BRI BELBA 0] LA Ak 2= B I =05 A B K 4
THEET, AT UM B G BHLA R , 5 R AR A
R BB, 0 T BHRAROR ,, BRI T XA R
RERIFZI 2 oA R BELR 4 b T SR AT 5 1) B2 ) 2
— o BENEBHIAR BE 71 REERAS , HAEVE AW AR REIA,
HA RAF ) AR YERE AN = i ACBR BE , (H @R rT i
SRR AR, 1o A ol i BELA SR e i 48 20 1A
RE S, AR TR ARy, BRI
R, & il T . Az 7 A S AR B 1Y I
N VBRI BELA R, S ARk K e ta .

4 AR S H BYRE AR FRAT

TR RHRA RO . DRSER . T
N S AN 0 VN G S S S VAN e N B S ST X
SEPERE , LR o TR 0 0L L 2R AHT B e e
Ea =1 ey v S NIV GUNI 2 RS BTN SRLE 37 UL
PEMZE G, T PEREL 5 AN R PR 5 B TR SR i i
N4 R B IE A0 5 1 3 1w
4.1 WBERERMKBREN

JRICHPHILL HCCP, Wl S (BPS) K& DDS W
JrRk, 38 O SO AR A, AT AR A TSRS
RT U R 110 R BEAG A KA L, HOE S FE 8k
JE(PZS NT ). &AR(PZS_SP ). BHUIR( PZS _CLNT )
KSR (PZS_BNT )o 4 REBENE 4 K b RLES
TN 5%, BXR R —RERR (PET) /
R =G -co-4,4'- I RPOHMER (PZS) &
A ARG LOT 7 W A3 5, UL-94 Jliah iy 46
PET 1y V-2 24 2] V-0 4%, H:rp, PET/PZS_CLNT
B LOI fix i, 5% 34.4%., Frdy PZS_NT R ~Fik
AN, A MORMRRR TG BBk FelkE, LOT Bk, i
BRRIAE A 600 nm B A4 KL LOL 2l 32.7%. Jyif—
PRGN 6] B A8 A R G Tk nT BSR4 fiB 17 5 il
ol o g 35 (A1 43 S R F2 JE ) BPS I LAY DDS, il
#% T 2 FhRSE N 1600 nm (9 R BEGE ER PZS NT Al
PDS_NT, PDS NT "1 N ®#HZ, YWHHE s
B4 K 5%0F, & PDS i PET & & 448 LOI 4 33.1%,
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UL-94 MHAZE40 A5 V-0 2%, LU ESZBG56GUE T A A
Ui 175 1 L A () A0 K SR 5 PET 22 [A) 7776 A 1) U
Nl -m AHEAER, BIVEAEAA RS A B A R
FEME. PZS NT BRI RSH#k/N, 5 PET [RUR
A - AHECAE FBRSE , AT R 50 K ) S B X 4%

HZE P (REV) S&—FAWRM R, ITEH
BT oA A R A R, B SO IR R AR . BEAh,
L my b b m] AR B ARTR RN S e e gz k>
PLHCCP I REV Jy J b B i o g it i A i
PRI A LR LR AR R, R RN R, T
MG BT e BE AR Y SR OF = W - k- 2 )
(PRS) fdokEk, HAMIE 15 fros. 4 PRS D
JEHE RN 2% . 4% . 6%5 PET #HA7IRA, 24
WIMB 80 2%, PRS/PET & -&#KHH LOI
Al 4l PET ) 23.3% 4 2 28.3%, UL-94 ik ik
F| V-0 2%, PRS WCKERFI PET JE4A 2 ] B B UFH
FLHAHZS M, PET/PRS & & M REAY Wy 24 58 B2 ¢h 20
PET f#) 47.57 MPa F[# % 45.14 MPa, Wi 2K
WA KIE N, mH A ERT T 10.5%.

Kl 15 PRS fCKERSE X

Fig. 15 Structural formula of PRS microspheres

TR AE IR YOTE B A 11 4 R = W -3t
F-(3,4- P2 HIEH L) [ Poly(HCCP-co-PCA) JfEK .
PCA 5 HCCP (¥ I Fb 5] 52 M G0 A s A2 0 43 HC 1
8% (PDI), 4 n(HCCP) : n(PCA)=1 : 0.5 i}, %
BEIE ORI kA2 1.5 um, Kif2$8%k (PDI)
K040, KA —, THBHERAL., 4
Poly(HCCP-co-PCA) 1 J& fF 7 ¥l 1.5% i,
PET/Poly(HCCP-co-PCA)-2 & A A1 KHE T UL-94 ]
RN V-0 9%, LOI 4l PET 1Y 22.5%42 =5 21 28.8%.
42 wEBEEZEHE (MOFs)

FH 4 25 LA LRI 1% 42 | 4544 7T I 1) MOFs
EEAWM . JURILE 2SR, R TREY
RAFEIREAE . 00 . AEPERIAI A, AT 5 20

RS BIARIZE AR, (BAES ) MOFs BHIARCRAS
B o ZHANG Z5PS5 1 T L Zn PO 7 LIS 34-
BB R A =S N R &R A LB
( Zn-MOF ), HeEzCanE 16 frn. R T i BRIE
X 4 R BHRR P i O S2 R 2 ad T AR A B v ) Y
SR-Zn-MOF ., *4 SR-Zn-MOF 7& EP 1) i & /050 N
9%, ARHY LOI f 4l EP 1Y 23. 1% 5 & 26.7%.
SR-Zn-MOF ##E % ZnO FEELEY, A RHAE
#E T EP RARMRALISFE, EP/Zn-MOF #AKE 5 1 5%
WA 4l EP 1Y 7.54%38 T2 17.94%,

HOOC

Zn2+
Zn2+
COOH
HOOCO

00
N 2+
I\|I| /PQI\{ '
Tn* _/P \N 4P\_0
0 o) COOH
HOOC Zn>
Zn”  COOH

Kl 16 Zn-MOF %ifhsX
Fig. 16 Structural formula of Zn-MOF

43 FEXW (Salen) -2 B&EW

Salen J& %A C=N WEILEY , H54&E%
HRICEEGY, SHTRERAGWWHESE. T&
P 2,4- R FIEH EERSBAR AR T
Salen-H6, LA Salen-H6, HCCP F1 3 Fi 4@ 1k &
(ASIKAHIRER . BEIREERIES IR ) IR, R4
RPA BT Salen-4x )& 455 W RV R BENGBHAA I Salen-
PZN-M (M=Ni, Zn, Cu), HZ5H=XuE 17 Fixs.
F 5 FH A7) Salen-PZN-M BN, EP FLRE S T 5k
et , WRR T A ENE, 24 Salen-PZN-M [ R4
BN 5%, 3 Fh4Et Zn RUBHIARCR B i, Akt
f) LOT 4 30.2%. by ift— 2542 FHBH L7 A BH A PR BE
4 3-Z BN = O A REE ( APTES ) (W ERENE
Bk Salen-PZN-Ni &, il #& IIfHgfb 3Bk Salen-Ni &
RWEME ( Salen-PZN-Ni-A ), 7ERT— IR F A
iR, Wl T oAk A B A Salen-Ni 3 3 B i
( Salen-PZN-Ni@BA@A ), HAABE | MRS
DL CO BEplcm ¥ Rk, 4 Salen-PZN-Ni@
BA@A JE 80N 5%, #REHY LOTI M 5%Salen-
PZN-Ni/EP 14 29.4%3$% T+ % 30.5%.
4.4 FRIE

BEE TR A , K IBEIE I S WA EA
BHBRFEVE, 0 HA R YA e F Rk .
OB NS I T RS LR s R e, (R
i BT B m gt AR TR A Y E 2
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® K ®RE

N/KN ﬁ/I‘%P
WRI—(IH\N//f{l—{R Ri L RR

Wow M
SRS ¢ kR\f QC%MQ%

i, B8 B
NN NN NN
wR-P., .R-R—R-P., .B-R—R-B.__P-Rw
K NR KN R K N
R K R R K

N/KN N’RN

wR-B_B-R R-B. B-Rew
RERR By
$ v S 5

% 17 Salen-PZN-M %5#5=
Fig. 17 Structural formula of Salen-PZN-M

Sy fif ik — ] @i, BLILID Z:P%L HCCP W%,
FH G TR P 35 R R X 35 36 % Y A 1) A/ A {42
e, A ERORE 3 B FRAORN R 3 = R RE e oy
A, AT SCBFE R E R A . A S
A RN vt 0 o v ) % S Sy AR AR T BE B T, [
AHEHESR N AFAE R I E R B e, A T —E /Y
b 27 BN e e Tk

5 HFBRIHAE B BEAE PR LA

DItefk & 43+ 2 G pRHE 32 55 B M 68 1 [R)
W, BT AR TERE . ZTDIRER R AR K R
BT, BRI A AR R

RS R 235 #4) LA Ko = W B0 38 B O 4 B4 it oK P
FIH 5 By P Fa 2 MEPY) ) FANG 25100058 i xof 5 B 4
EHR I HCCP =R, A T RBEE I =%
RE&Y (PCTP), HZ5H XK 18 Ui,

Nj\N %‘]/fl\ﬁ!
MJ\\N J i

r P-X \
e Umé‘r{ﬁ (e
X
Yy T (P&Cg

oy Qf

s
A

¥l 18 PCTP Z5#X
Fig. 18 Structural formula of PCTP

¥ PCTP WMEAAM AR, HH T EECH
6%H, EP@PCTP & & EHRY LOI h 26.5%, UL-94
MERILF] V-0 9%; 4 PCTP T80l 8%, 4
#EHE LOIL 2 28.0%. H1 T PCTP IfF7E, 48 h |
ZEMBHIIKZFH EP i 0.65%F& (%% 0.47%, fit
KA SR . [FEF, PCTP 5 EP JAHA B i
PR RS R P SR BAE T, %P EP@PCTP &

AR BE RS AL ASRIE (T,) MI2EMERe L%
AU

RinAdls (PTU) HAMNS MR E . RAiF
M TAE MBS T3, No P. S LRI
i EA R AER, M H A P S BB EWXHETHH
RN R R A U S A AR V)
HCCP ., BPS My sk}, i FH K fili & [ 20 25 1 F e 7= 3
T4 TERIR PZS, ¥ PZS Ak T LU E AT 5%
5 PTURE, BAMERIE —EMHBIERE, 5
TR M4 PTU 1Y 1.6572 $2 5 & 1.6580, M i —
AR E A MR BB G2 APERE , 1A ZrO,, il
BT L Zr0, k. WEIE Ak Bk 5T 2 A% - K
R, K HIMA PTU W, #1453 T ZrO,@PZS/PTU 44K
BAEME, H OLOI 4 PTU A9 20.70%4% & &
25.39%, JEEYTHTRIEE A 1.6590, AT, PZS 44
KARLF5 PTU FAREAG BAF A1, DL PZS 4K
K7 R, WET ZrO, YKk FHE R 4 AR R 2%
S RIE S . ZrO,@PZS 91K 3k 5 PTU k] A
AESRFHAHEAER, 85 M EE )25 M
WA Pk .

FERR B —Fh H AR 36 v i A e, J
AESRgEErERe, . SRR ZHES | e
PO e s MR A A 2 R O A | ke 4196
LA HCCP. BPS FNRNM AR, 38 4 SEA% U
I, — AV A T A TR IR D B G 75 TG 1 BH K 71
N [4-(4- 9 T 356 40 5 R R G 356 ) 7 SR 6 138 = R I
( CP-Allyl ), Hb =0 19 s, RAEER T
TR AT VE B CP-Allyl B A B & Ak ik 4% B CSR )
RE, il 4 R SR A AR (CP-Allyl/
CSR),

E 19 CP-Allyl 5=,
Fig. 19 Structural formula of CP-Allyl
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CP-Allyl/CSR-1 H A% CP-Allyl #l Mg(OH),;
CP-Allyl/CSR-2 1 Mg(OH), Jii 350k 10%, A&
CP-Allyl; CP-Allyl/CSR-3 H CP-Allyl 540k
5% . Mg(OH), JFi it /35U 5% HH, CP-Allyl/CSR-3
M BEARRICR fc i, LOIL ik F 34.4%, & T CP-Allyl/
CSR-2, CP-Allyl/CSR-3 FE3H 5 HU% OS54,
CP-Allyl 25 T W &EALZ M, FERILH RAFHIAL
WOz Ak, CP-Allyl/CSR-3 F7 {58 FF 1 CP-Allyl/
CSR-1 1§ 4.5 MPa &7} % 4.65 MPa, HiBHH 2.20x
107 Q $2T1 2 2.28%10" Q, KB H B A HLBRE
FRGFI I ZPERE , (AR K L 2 A B 48 2% b1
AR AT A Y TS

PRECEECTILL HCCP R3S N BE R kL, Hil4 T
A iR AR IR I B S A K H R ER =B HGCP ),
TR HGIA B RORBER G AR R h e R Bk, >4
HGCP JFit 2 40h 20%0}, RIAEEE ARG LOT
M 27.6%$E R 5] 30.2%, UL-94 MliKiEF] V-0 2%
HGCP 1A o B AU AT 5 BEAA R A AR B, 2 e
TREVMCHEE . BRI B E, MoK
AL, BT FHEEBEIRMXTFRERAT, A H A
HK o & HGCP (W RIREE S A bRE I ] 4 1) 7
e B A T SEm B AR R, FLREEMERE . dask e
B K MEREARIS 2 T —E M4 T+ AH L FAZ 58 10 3 4
B, FREARIAR R BA TR AR T

BT Y —Fh W A A R T4, B
R AF B A= W R fe e A SOME RN AE 27 201 v g H
Iz SR, HLOLAUHN 19%, J& T o kb ek, 1t
Gb, FERCERYE 7 o A Z WA S R, A i
TRUERIEEE , AFT AR . IR e A Bl
B0 7 2 B O 5 A B TR O v LG EE Y, HUANG
ZEOT5E i HCCP & 3-8 3-1,2,4- = M) SR AZ U
JNE, BT A BT — T A R e Y B = R
(HATA ), HZ5#=CanEl 20 fs .

N=\

JNH _ NH

NYNHNHN

| N _N
~ N-R R
HN ~ NH
{N\/ﬂ\[}n\’,ﬁ N \I\L/
N _/
H N_P\N

K20 HATA 45
Fig. 20  Structural formula of HATA

BT ECN 10%00 HATA N EZh R4
i, H LOI M 19.3% (46i81) s 28.4%. 4
HATA A %) 785 s 21 4 %o 4 0 (0 78 4 2K AR W
FRIPTE R A3 A 99.96%F1 99.84%

6 HRIESRE

A, BiE AT AR, &4 aul Xt
= TR RL R B REFR ) T R AR, SR
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ST ) o 38 3 X B B I LA SR B 9 5 T ) o
LAy, TEARSKRMIBESE T, U N B iy 1 o FHA
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M REE N ST 24 o T 235 F) Tl 1 7 e DR 25 42k ) fE
F TR, RO B 285 40 v eicss M4 L) 124 RE, [HH
TSR R R, BRI AL T S 56 2 0 58 o B
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W B I i & i 5
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ORI B, 247 25 [\ B LA K SR B T 3l
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B RN B R AT IR, A AR AR R, o
FEAR ) T AR e T IRME, Rk, ok i A AL i
WERAT A G US4, $REICR g, R
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RELAR SR 52 1100 320 0T 13, A ok [0 PR 1l i BELABR 7] S G
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