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MEZRERS N-FE M TR Sz Rz 43R L K
xR R R E X R R RS RIF N
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(CHEPRFN LR E D TSI CIM BB EHWEASLES b5l 100084)
¢ RPGIBREEM IR S TR 50 430200)

WE eS0T RN R T B R T (PPTAV IR A= mitk B U7 L 4P 4 iEfilt. 72 PPTA R&IFE, LA
FRAAROGS 2 — F IR SU(TPC)/N- T HEIEE I o I (NMIP) 5 A4 28— Jle (PPD)/NMP 3 YOBEA T Y0040 5 1Y A2 de BRARL e 2
752X, AFJE Pk TPC/NMP [R) A AN 1 AH FLAE F 3 BOX PR 4 7 e LASEIR. T 5250 5 VR RSTHAR 25 & it =X, R
LEAMEIE(FTIR) MREFER(H NMR)  RAT B S 22 4 BT TPC/NMP [ S N EAT T 40 Hr, Jf3E it
S TR HAF Y TPC 5 NMP 2 & 2E 2548 Vilsmeier-Haack &%, S8 TPC b BES IR 20%, T E M 28 &
RNEEYE. f5Ji, B PPTA ALK RAF T %458 1 IEm b

J:4#F  PPTA; TPC/NMP; Vilsmeier-Haack 28 4F i

Reaction Mechanism of Terephthaloyl Chloride/N-Methyl-2-
pyrrolidone and the Effect on Poly(p-phenylene
terephthalamide) Polymerization

Guo, Chenglong” Xu, Jia® Wang, Lihui” Tuo, Xinlin™* Wang, Luoxin”
(“ Key Laboratory of Advanced Materials (MOE), Institute of Polymer Science and Engineering,
Department of Chemical Engineering, Tsinghua University, Beijing 100084)

(® College of Material Science and Engineering, Wuhan Textile University, Wuhan 430200)

Abstract Stable synthesis of high molecular weight of poly(p-phenylene terephthalamide) (PPTA) resin is the basis for the
production of high-performance aramid fibers. In PPTA polymerization process, the feeding method of the monomer
terephthaloyl chloride (TPC) has important influence on the molecular weight. In theory, using TPC/N-methyl-2-pyrrolidone
(NMP) solution and monomer p-phenylene diamine (PPD)/NMP solution for solution polycondensation is the most ideal and
effective way, but in real polymerization process, it is difficult to synthesize high molecular weight PPTA due to some un-
known interaction between TPC and NMP. This article combines experiments and molecular stimulation together, using Fron-
tier infrared spectroscopy (FTIR), '"H NMR, the time of flight mass spectrometer (TOF-MS) and differential scanning calo-
rimetric analysis (DSC), analyzing the reaction between TPC and NMP, and verified that TPC and NMP has obvious reaction
similar to Vilsmeier-Haack reaction through molecular stimulation, which may cause the chloride group on the TPC deactivat-
ing, and seriously influence its reactivity. And the conclusion is verified through PPTA polymerization experiments, and the
longer TPC/NMP solution is prepared, the worse of the polymerization effect is. These observations and experiments suggest
that it is not feasible to synthesize high molecular weight PPTA in industry using TPC/NMP solution feeding method.
Keywords PPTA; TPC/NMP; Vilsmeier-Haack reaction; molecular simulation
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(TPC)FIX 2K JiZ(PPD), 7t N-F LN e il (NMP) 25 i
JERIFE I, ARG EE T (W 0 “C)HEAT 4 58 s il 2%
o> PPTA. G (5 A il FE A2 S0 Bhis I a1 45
J2 PPD ¥%T° NMP, 5K HA I BIRACE B, A
KSR A TPC, PRsiR & RN, A5 5)m
S PPTA B4

fER AR, TPC BT X% T PPTA 194>+
UM SR G W s, H T A FHRIE
1 TPC A7 2 AR R sl AU, EE I R
N T7 REAT % B, Lok A R Rl B BRAE R 5
BERL T8, H RS I A R b, o LR IE B RS
JEMRREYE, AITSE PPTA (4> TEEMELURRE; T
b Rb st RN R R G, TN RN A G 2R
BOKRIIHE, 3 PPTA B & fixE LAEEh, 2
IRATHR SR S V. DRk, R AE SR TPC LA =
AN, X1 PPTA SR G EAER A M. M H T TPC
Ml PPD #EMCIRE, 76 milPidt NRA S o4,
BRIk, AFES Fiji, TPC/NMP 5 PPD/NMP (¥ 2 iV 5 %5
ST, W B2 S A s sy TR PPTA. {HE, &
A4 ¢ TPC/NMP RS 1= 4 11 PPTA 1)
I AE AT BRI SCERFROE 1, #RIRE] TPC 5 NMP nJ g
AR N 3 TPC R3S, (HE BB TR
IS T Af g >0,

FeF b, ARGl KRS R AT ER ST TPC 5
NMP (AR B AE ] LA PPTA S 560, R FHLL 56
% (FTIR) « ¥ HE 3L 4R % ("H NMR) . K AT I ) Jit 1%
(TOF-MS) Je7r Z= 44t & #3 i (DSC)% TPC/NMP [
NPT T 43T, R A TR IR TPC
NMP <k 2E2L Vilsmeier-Haack V. &), 6T
5% TPC/NMP # I AZ B A6} PPTA 43 T8 5% L
REER AT T KAE.

1 ZR5E
1.1 TPCINMP RFi
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cl cl
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AU R 22 SCHRAROE T RIH NN G (DMF)
LM% 5 SOCT, 5% POCIs %5 i AL AR FLKS 75 7 i FFY Ak 117
Vilsmeier-Haack Sz 17720 B8R AT (408 #1848 T e
TSR A I, AR AT ISR AT NMP ek 4
AL I (I, (AR IR — S AL, BT B
S5 NMP R A TS 459 TPC A T e kAR
LMK SN, W RE M SN DI RE QT 1 BTOR.
1.2 TPCINMP R F=480 9 47

XoF 1 S N FEREAT A AT T DA, SNk R L
P K C, H IGER R, NMP JEAE B SE A S ik
ST R AE R LG — M BRI AT NAE 6 173, — R
PHEAE 6 225~175), X5 1 HALE TV K0 &k 1)
WA B AR AT, 10 TPC J5 5 Rk S 3 [ (e (9 Ak
ARSIV IR0 2R A R IR 1 S B A 2 A RS A
AHE(AE 6 167 ZeA7), BT AR AZ S C A0 S s A e il wfe
DARAEIZ S M. 5 Bl il 45 R AR iE TPC F1 NMP %
R AL RS Bk 2 TPC FI NMP AR5 & 1 8
(K1 2), WAz ARG 3) T 4s R, XELIEY] — 3
A RA T E RN, MAERHCRAS N AR AEEA T HoAth
FRRH 2 R AE (19t ey T s I P T 4, e AR D D A7 e
2 Al LA Sz ) 5z N 3o R f Y. B A, ] 45 ) ] 4
(1) TPC/NMP [ 5 W= 47 f BiF b e Wil R 11 DG

W KRS8, Ny TPC RS . NI ). Y
SO, BARIAE TPC Sk EE . TPC/NMP K 1] 2
N5, it it g, uER 4 B A T TE (s 56 5 3 i
AR, ok g A 1 2 DU G £ 0 9 TR A5 1 4 (1)
W e ok g 2k, BT LA RT DA B i 908 dok R A ok 1 i)
JRUE I el i g A G 2 D TIE WA 28, (HE K
T [ SEIGIE SIS PTUE I I 58 4% 2 ) TPC/NMP J )3
Az, i A A B I R g 45 R

¥ TPC/NMP [ V453 B 1) 11 AR VE S T8 5 5 R
LB s BEAT 20/ B (FTIR)R I, I 1% & 5 NMP
FITPC (ML AMEEIREAT LR, 45w 3 JiR.

MEFETLUE ], 7F 1600~1800 cm™ ' [RFREEX,
R EA NMP {E 1682 cm™ ' FfHT 85 L g A
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Figgure 1 Possible reaction between TPC and NMP
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Figure 2 'H NMR (300 MHz) spectra of fresh NMP and TPC
(A), and precipitation in the experiment (B) (Unmarked peak is

the solvent peak)

(A) DMSO-ds, 0: a: 1.88~1.93 (tt, IH), b: 2.15~2.19 (t, 1H), c: 2.70 (s,
1H), d: 3.29~3.32 (t, 1H), e: 8.05 (s, 4H); (B) DMSO-ds, - a: 1.87~
1.92 (tt, 1H), b: 2.16~2.19 (t, 1H), ¢: 2.69 (s, 1H), d: 3.29~3.31 (t, 1H),
e: 8.04 (s, 4H)

NMP

TPC

/| 1 Precipitation
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B 3 NMP, TPC F1 3 [ N~ i 21 7 i

Figure 3 FTIR spectra of NMP, TPC and the reaction product
TPC {£ 1727 cm™ ' BEZ I BILIESD, 71790 em ' iE4T 1
AR, W ARV A R R A RO B AR A I T
KLU, 1 TR IR RO P A RO 2R R R R R A (1 B
#1790 cm ™' 4k,

XN P AT R 22 A i B AA(DSC) 7 B, BL10
K/min fOFHEHETE 250 C, Mk, 258
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Fig.ure 4 DSC spectra of the reaction product

M IEAA TR DSC 3 B hon] BUAER, %490 (e 230 200
C A T A A W AR, 8 209 °C 2 Ay ik 31| i
fH, WEFEVERE]PE. TPC M4 AFE 79~81 C, NMP #ilh
JEWUA, SClERH B X TPC 5 NMP o] BE T BN Al g
em IR, [HAT SCHERIRIE T 6 HER(TA) S NMP 1
BRI IR i, HORAALE 100 C A4 TFURIs ALY, ek
T 209 CIAmW g IEAE, Rt ny DA S8 H 15 2 1)
HEYTIESE TPC 5 NMP [ [ v = 4.

HE 1 ] 4 73 0 5 T PSRN S rh 1E4T Bruker BI-
FLEX III 2 5L )5t %l W 00 i A vl g %A I IR) 5 3%
(MALTI-TOF MS)Zr#r, 455 Won F 25> 1 5 TR
SN 401, 5B PR RN s A= IV 0
— 3. FERAHAEN B> FEY ABI4800Plus MALTI-
TOF MS X~ H R EARKRE S dEAT 40, MAF 251
N 11410 T 8P, 5K BRI RN A ] =4 T
(Mo HZE 5, X —ZE 52 tH T H s b i) AR AR AR T
I 1 CLBRF I SR BRI SRR A RE T
W AR AN ¥ T oAl R LB A LS R, a0 DY Sk Bl
CCly 5%, Hn—J7im, FRESRR=Y 1 1) AR 1 B
TPC 5 NMP #fi s & 2E T Wil 1 Jis e b .

1.3 TPC/INMP R HIERISITE

X TPC/NMP [ 3 =) UA Je R A2 2R ABL Vilsmeier-
Haack [ Wit FEREATHIR THAT, IR 5 ALY DMF I
SOCL, K M TR, 4553k 1 P, Hop R 8B
HISZEY), TS i JESRIE 1 b &9 1], P A&
PEERE 1 S D). B 5 451 T TPC #1 NMP
TERIISE G AT A =8 551 451,

K 6 41 7 DMF 5 SOCI, LA NMP L TPC ik
REW a0 Ny FGehZk, T LUE tH, TPC AT NMP 1K
HEY) R(TPC-NMP)Ji5, figf M T 13.65 kJ/mol, #iH]
P ] UB LGRS e ISR G 4. TPC il NMP kAR
1 Vilsmeier-Haack M, tHEMITIEAGEE N 95.4
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Figure 5 Structures of the complex, transition state and inter-
mediate of TPC-NMP optimized at B3LYP/6-31G* level of the-
ory

kJ/mol, FIICHEAHRIE AT Vilsmeier-Haack [ N it Ak AR5
BEIE(71~96 kJ/mol)™, L %5 Lt SOCI, £ DMF ) J W i
TLBEAE 77.4 KI/mol, [Htk, NMP #1 TPC ik 45 4 J5 IF
H— R AL Vilsmeier-Haack W TEH 22 bR
A, NMP % TPC RSB 520, BB Pe 545 R
WESE TPC #1 NMP 23 &A= J84L T+ Vilsmeier-Haack [¥] /%
%, MIfT 520 TPC A1 PPD 45 5K ) V. =4 PPTA 4 T
O

9
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P (TPC-NMP)
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B 6 TPC-NMP # SOCl,-DMF & 454 1) J5 ¥ 44t i 2k
Figure 6 Potential energy surface of TPC-NMP and SOCI,-
DMF complexes

1.4 TPC/NMP L% PPTA B&RIEN

B, ¥ TPC T NMP H, SR 5CE AN [R] B[]
JE P MAZ] PPD/NMP H e Wil # PPTA, H& 455
Kl 7 B, SRS 45 5 n] DU HY, TPC/NMP JiCE I
[HEA, PPTA P41 5> 7Rtk RN 7 itkee
(PyD)ERRW R IR s N HERE, XFF PPTA 43 F i #d
mER A R B, %45 R IESE TPC 78 NMP 4%
Wik 25 PPD I RNIE Ik, B R AT RN

2 it

B E ) TPC AE NMP R TR] fe 3, FFim kit
JE15F] TPC/NMP [E 44 S N =4, FIFHLL oG
ILHREE . SRR AT AT RS & o1
Uﬁ‘ﬁlﬂf% TPC F1 NMP £ & *E Vilsmeier-Haack [V,
J Vg8 R Al S TPC B SE A s, Bk, R
TPC/NMP %7 55 PPD/NMP % NI, HT TPC 5
NMP [7] () [ v 35 TPC 5 PPD [ WA RESE Y &,
AR & 7 T 1 PPTA. TPC 5 NMP 2 W IR ij B,

1 feRiFHEIR

Table 1 Total energies and relative energies of the species

Relative energy/

Interaction energy/

Species Total energy/a.u. ZPE/(kJemol ") (kJemol ) (kJemol ") Imagery frequencies/cm '
TPC —1378.11585 266.6
NMP —325.94472 367.1
R(TPC-NMP) —1704.06645 635.4 0.0 —13.65°
TS(TPC-NMP) —1704.03043 636.2 95.4° —199.6
P(TPC-NMP) —1704.04735 641.2 56.1°
SOCl, —1393.76045 16.7
DMF —248.51224 270.8
R(SOCIl,-DMF) —1642.28648 291.3 0.0 —32.86"
TS(SOCI,-DMF) —1642.21933 288.0 172.9¢ —351.6
P(SOCl,-DMF) —1642.23754 288.8 126.0°

“ Interaction energy Ee=Ercrpc-nmp) T ZPERrcrpc-nmp) — Etpc— ZPErpc— Enmp— ZPEnwip;

R(SOCl,-DMF).
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Figure 7 Effect of the dissolve time of TPC on the #;,, of PPTA
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N- L o I A5 FH i I 43 I A S Rk &
A ETE 400 CR DA 4 h Br 454K, HAbR )
R WK R 2 A PR B A8 1.

i/ Nicolet 560 B HLIH-2T 4P A AT 2040
EFTIR)MSE. 1] INM-ECA300 #Z i S LR AGIA T #%
TR H NMR)TISE, #5714 5i4C DMSO. 43 5l
J1 ABI4800Plus #1 Bruker BIFLEX TIT 70 5 5 4l Bl 30O filt
B HL B R AT I TR) T A R AT % (MALTI-TOF MS) il
€. ffif] Shimadzu DSC-60 7~ Z F IR HUL, 7ER SR
IR, BL 10 K/min TR 42 250 °C, P FE S s 22
PR H(DSC) 5.

32 KWHE
3.2.1 TPC/NMP A&z

T SEI L ) PPTA R4 WA TPC 5 NMP [
W L £ TPC/NMP %53, RIKs 8.2 ¢ TPC A Z] 100
mL NMP . W il Bl AR, TS e T
HEMPEE, ARG ANHER, K K TPC
(12.5 @)MAZF|I NMP (25 mL)H, HidkE % TPC 5840
it Jo A T AR R, RS AR I
G KGR 78 0 TR AT PR F R0 DY S S0 DE B /N o
AT L8, Ko E B T AR E W, Rt
VG W DR N R ELBUIRY, 2 5 B R ROR.
FIT A3 (R0 VR IR DR S0 P o Ik i, P R s N e s it
J A5 380 1 ] 4.

3.2.2 PPTA #94-%,
RS T, K10 g itk CaCl, It A% 80 mL
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HIHE T NMP b, I RE s i, 2 eV /KiseEn s 15
CHATMN 4326 g PPD, FlFEufE. Bl i FH koK
WA 0 C. [FIN# 8.178 g TPC ¥fi#T 20 mL )
NMP 1, Ffgid B s NEURY. KR L (1) TPC/
NMP FHBCE AN [F] 1] J5 g i A NMP-CaCl,-PPD ¥
WO, RIS R 2 1500 t/min. A AR
SR PR, ek, BFAERE, RV 30 min 5L,
FAN, T LA TRE L, SR ARSI AR AR T
SEWRT AR AR U RS TR 2 T
TPC/NMP [l %f PPTA AN, £ FLdsLKm
Tt LR HEAT T — R A0 N e 1 Sk R W) DA e
PPTA HAMSLY. ity FR A, HOEeE
I TPC Z A 10 mL HERE.
3.2.3 PPTA 4T ENE

K& LB F/KEE RN =), JEH ClHRIL 8 h,
WG IEE T4 12 h, 735 PPTA ¥ K. HL 0.125 g PPTA
MARET 25 mL AEMY, AL 2/3 FRUHRRE,
BT RIRTAE45~50 CH{f PPTA 58 2% #. £F PPTA
SEARR G IR IR E 2%, 7850 350 I s — By
], BCA% 25 mL PPTA RAEER L. 7530 C I EEL KRS
W A EOR BT (CR P4 B, 1.07 mm) 43 A0 A vk A
FRA PPTA IRR IR I H 0] 20 A1 ¢y, 503t
5 PPTA [ B LIRS -
_In(#/¢)

C
Horf e 2 PPTA WRER PRI B, 4% Bk 7 v il (1)
PPTA IR IR c=0.5 g/dL.

T PPTA HIXTECLLHAL R 5y TR B IEILCR,
JIT CAAS ST LUK RS B2 AR 3R PPTA 73T 5t
324 I HEF X

KI5 532 o B3LYP/6-31G* 7 ¥:AAL 3 T-# 281,
T AT AN A I R R e Y, 2R TR E)
RE(ZPE)VRS I S v SRS RN i P25 DA A=) () AH
SREHR. T B SR ] Gaussian 03 R 5 HEH
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