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Crystallization behavior and non-isothermal crystallization Kinetics of
nitrogen heterocyclic functionalized polypropylene
WANG Licheng"?, XIE Ming'*, LI Mingyuan"*, CAI Zhengguo'*, SUN Junfen'?, CHEN Long'
(1. College of Materials Science and Engineering, Donghua University , Shanghai 201620, China;
2. State Key Laboratory of Advanced Fiber Materials, Donghua University,, Shanghai 201620, China)

Abstract : Nitrogen heterocyclic functionalized polypropylene (NHPP) with excellent thermal and oxygen stability can be
prepared by introducing nitrogen heterocyclic functional monomer into the molecular chain of polypropylene (PP). However, the
current research mainly focuses on the synthesis and thermal stability of NHPP, and the influence of its different nitrogen-containing
heterocyclic structures on the crystal structure remains unclear. In this work, pyrrole functionalized PP (PPPy-R11 and PPPy-R6),
indole functionalized PP (PPId-R6) and carbazole functionalized PP (PPCz-R6) were prepared by the copolymerization of pyrrole,
indole and carbazole groups with propylene. The crystal structure, melting behavior and non-isothermal crystallization kinetics of
NHPP were studied. The research results show that the incorporation of nitrogen heterocyclic functional monomer does not change
the crystal structure of PP. However, with the increase in the steric hindrance of comonomers, the crystallinity follows the order of
PP>PPPy-R11>PPPy-R6>PPId-R6>PPCz-R6, and the melting point of NHPP decreases by 31-38 °C compared with that of PP. The
results of Jeziorny and Mo show that Avrami index (n) ranges from 3.6—4.5 and Ozawa index (m) ranges from 2.9—3.4, which indi-
cates homogeneous nucleation with three-dimensional growth for NHPP. Modified crystallization rate constant (Z), half crystalliza-
tion time (¢,,,) fitted by Jeriorny method and values of reaction crystallization rate fitted by Mo method shows that crystallization rate
of NHPP is lower than those of PP. PPPy-R11 shows the lowest crystallization rate among NHPP, with 0.18 lower Z_ and 0.51 min
longer ¢, ,, than those of PP at a cooling rate of 5 °C/min. The result of Friedman analysis shows that all NHPP require the higher
effective activation energy than PP when the relative crystallinity is lower than 50%. The thermal oxidation stability in the NHPP in
descending order is as follows: PPPy>PPId>PPCz. This work provides a theoretical reference for the melt processing parameters and
performance control of NHPP.
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Fig. 1 Chemical structure of nitrogen heterocyclic functional monomer
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Tab.1 M_,PDI and comonomer mole fraction of NHPP

Comonomer mole

Samples M /KDA PDI fraction/mol%
PPPy-R11 22.3 2.49 2.79
PPPy-R6 28.6 2.36 2.88
PPId-R6 7.20 3.68 2.00
PPCz-R6 10.4 3.26 2.24

Notes: M, is number-average molecular weight; PDI is molecular

weight distribution of polymer.
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Fig. 2 2D X-ray diffraction ring photos of PP and NHPP
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Tab.2 DSC data of PP and NHPP

Samples T/)°C T /°C AH /g™ X /%
PP 114 164 94 58
PPPy-R11 103 133 58 36
PPPy-R6 96 126 55 34
PPId-R6 93 126 53 33
PPCz-R6 93 128 37 23

Notes: T, is crystallization temperature; 7, is melt temperature; AH, |

is melting enthalpy; X, is crystallinity.
F2 0150, 5 PP AHLL(T, M 164 °C),NHPP 1) T, BE{I%
T31~38°C, —Jr M TR BRI I AF
HFHEHEA S IR I RS, R BUT MR R R %
15 55 —J7 i, oA R AR A AR T
() S TR RZ IR , BTG NHPP A9 43 F e 3 1%, thfE— e A&
JEESECT T RRE. NHPP 1 X AHICH A 45 R 40
THEZR 2, Horh PP B 45 i R 58%, 1T NHPP /Y X,
FHAE T PPRRAR T 22%~35%. i A AFR e sl
) 35 255 ) 57 BEL A BE n, 23 T8 HEA g S R A2 FR
PPPy-R6, PPId-R6 il PPCz-R6 [ X HURIEAI .
2.3 NHPP#IEFBLEMIH N EF

R WAL RN T A AL T
AR AR | PR AR SR 25 i 8l 1 27 SE BRI
MR R 58 U B2, 514 24 PP HINHPP 7£
AN AR N 1 DSC e A CSEAL S T3 3,
55 PP AH LL , NHPP 485 St B2 (T,) 3947 kA, H.
PEBEE 45 AP ST N, X — R R AT
AE IR A BN ZE ol R R IR R 3
5 PR 2 B T NHPP R TCRR AL 84, 40 L
Ko ¥R I AR A 380 T NHPP 73 1B AT
FP4r & HES B RE 1 F . PP A1 NHPP [ 4R 45 i
UL (T, ) P A IR R 258 A 8 DT ARG, 1485 it 190

9 B A7 U R HE AR B ], 758 R B R R T

B Gz 2l R DARIE K 35 32 2l , 285 i i B
JE G HAb R T AR AL LR PP Y AR S IR 45
rnMFFE ], SR BRI o A et 3 B0 2 S X 485
UL S PR BB /N, N %) 55 ) o) 3 U 1Y) 5%
Wi 55 ok i 19, PPPy-R6, PPId-R6 il PPCz-R6 [
T, 10 S5 R AR — 35, #94KF PPPy-R11, X —4&5
TR WA T Al NHPP, EA7 K S8 45 F4 1 PPPy-
R11 B 2545 5 B ARGE s R A I

P ] 4 (1% i 2 B0t A 7 A B SRR A Tl AR 3
PP FINHPP 1945 B X(D 5 IRE T Z . 455
XD AL



FAL, 5 AR RE LI DU B2 AT RIS IR 2 w8y 2 21
2 . A\ 2+ 30°C/min e
&1 30 °C/min / Ol — - — - —— - — - — - o o
_—— - — = = == — % 2+ 30 °C/min \
gt L N
oC i 20 °C/min
20%Cmin T 20°C/min
_]0 C(_‘min_ o /\ L _10°C/min -~ 10 °C/min
5 °C/min A 5 °C/min 5 °C/min
30 60 90 120 150 180 30 60 90 120 150 180 30 60 90 120 150 180
Temperature/°C Temperature/°C Temperature/°C
(a) PP (b) PPPy-R11 (c) PPPy-R6
o R o
&1 30°C/min_ _ \__ _ . __ . __ . _ S130°C 1_nii AN
20°CHmIn 20°C/min "
_1°Cmin _ , _ 10 °C/min P
5 °C/min 5 °C/min
30 60 90 120 150 180 30 60 90 120 150 180
Temperature/°C Temperature/°C
(d) PPId-R6 (e) PPCz-R6

Fl4  RIFIFEE ST PPAINHPP 9 DSC £k
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Tab.3 Non-isothermal crystallization kinetics parameters of PP

and NHPP
®/°C- . . . Peak half

Samples ooy TwdC TSC TSC iiec

5 123 117 113 5.0

10 120 114 109 5.5

PP

20 117 111 102 7.5

30 115 109 98 8.5

5 116 107 95 1

10 113 103 89 12
PPPy-RI11

20 110 99 83 14

30 108 96 77 16

5 107 99 90 8.5

10 104 96 85 9.5
PPPy-R6

20 102 91 79 12

30 100 88 73 13

5 105 97 87 9.0

10 103 93 83 10
PPId-R6

20 100 89 77 12

30 99 86 72 14

5 106 97 89 8.5

10 102 93 84 9.0
PPCz-R6

20 100 88 7 12

30 98 86 74 12

Notes: @ is cooling rate; 7

" e 1S initial crystallization temperature;

T is peak crystallization temperature; T, is end temperature of crystalli-

zation.
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Fig. 7 Plots of Ig{-In[1-X(#)]}-1gt for PP and NHPP acquired by Jeriorny method

%4 PPFINHPP K Jeziorny ik ZRERINESH
Tab.4 Non-isothermal crystallization parameters of PP and NHPP
by Jeriorny method

Samples  @/(°C+min ") n M rnge Z, t,,,/min
5 4.2 0.76 1.39
10 4.1 1.00 0.85
PP 4.1
20 4.2 1.10 0.49
30 3.9 1.10 0.35
5 3.8 0.58 1.90
10 3.7 1.00 1.00
PPPy-R11 3.7
20 3.6 1.10 0.58
30 3.6 1.10 0.43
5 4.1 0.63 1.60
10 3.9 1.00 091
PPPy-R6 4.1
20 4.2 1.10 0.56
30 4.0 1.10 0.41
5 3.9 0.62 1.70
10 3.8 0.98 0.95
PPId-R6 3.8
20 3.7 1.10 0.56
30 3.9 1.10 0.43
5 43 0.60 1.70
10 4.2 1.00 1.00
PPCz-R6 4.4
20 4.5 1.10 0.59
30 4.5 1.10 0.42

Notes: @ is cooling rate; n is Avrami index; n is average of

average

Avrami index at different cooling rate; Z_ is modified crystallization rate

constant;?, , is half crystallization time.
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Fig. 8 Plots of 1g®-1gt for PP and NHPP acquired by Mo method
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Tab.5 Non-isothermal crystallization parameters of PP and NHPP %0 1_11311;py.R11
Y[ —a—~PPPy-R6
by Mo method —v_ PPId-R6
Samples X(0)/% [ F(T) :‘_; -120 PPCz-R6
10 1.4 42 E 60
30 13 6.4 =
PP 50 1.3 7.8 ﬁ -200
70 1.4 9.4
90 1.4 12 ~240
10 1.2 5.8 _280 ‘ ‘ ‘ ‘ s
30 12 8.4 0 20 40 o 60 80 100
PPPy-RI1 50 1.2 11 ’
70 12 13 9 PP HINHPP #4730 AL RE AR S AT 45 5 2 XA i 26
90 13 18 Fig. 9 Effective activation energyAE as a function of the X of PP and
10 1.3 5 NHPP
30 1.3 7.4 IS \ N -
_— 0 5 o AT A, BN T AR R
70 13 1 AT ISR 145 A R ERR B 5 TR 45 b A
& L b o AR 3 KA B0 RSS2 G
30 13 7.7 A A2 B it DX B ) R A
PPId-R6 50 1.3 97 2.4 NHPP # #8487 1k
70 1.3 12
90 13 5 XF TG W AR E PR RE , o SR 5 S
10 1.3 36 [F1] R0 5 R A% 50 PR ] R PR S B s it P
30 1.3 8.1 N e 1 N .
I 50 - o B AL AE J1. 1 10 % PP FITNHPP (9 44k
70 1.3 12 7S£k, WK 10 7T 2L & 3K, PPPy-R11 il PPPy-R6
90 1.3 15 . e 11,
—— — : —— 7 60 min P I AEE B A7 B 1) LA e, 12
Notes: X(?) is relative crystallinity at the certain crystallization time; - - NI P A
« and F(T) are fitting values by Mo method. I)bll:lj 'fj[;j‘l‘ E/:J*IL?XI\‘ %th‘f@& Heo # \'fm# HA E(J %Vf’tl}‘b"?]iﬂrj‘
#6 PPHINHPP ML B ERKETF [8] 34 /NF 60 min, PP 24 10 min, PPId-R6 4 37 min,
Tab. 6 Serval crystal growth index of PP and NHPP PPCz-R6 j:, 7 min, ézj%%fﬁ(%[iﬂ LJFI , %%’ﬂ:%m%‘l‘i%
Saf;PP‘eS s o - P PPPy-R6>PPId-R6>PPCz-R6, H:Ji5 Al — J7 T ff
PPPy-R11 12 37 3.0 FE PR R A7 L 5z 7 10 Mk i 35 T A 1 At R 4 oA 3
PPPy-R6 1.3 41 31 VS5 AR S8 ORI AR e S R A A o5 — T
PPId-R6 1.3 3.8 2.9 et P e e .
PPCz-R6 1.3 4.4 34 1] P PPPY'R6 E/‘J ﬁ%%ﬁg%ﬁ E@Eﬁé&ﬁ 1= ﬂl]ﬁ—
Notes: ... is average a at different X(9); n,,.. Is average Avrami ﬂ} ’fﬁ /ﬂ\: f}?& /ijl‘ ’f/t % /THE ‘I‘i Eﬁ iTA ﬁl: + PPId-R6 }Fl]
index at different cooling rate;m is Ozawa index. PPCz-R6.,
PP I NHPP ) AE %t X 1 itk 6] 9 JiF s 81 047 —pp
S 5 - - -PPPy-R11
& 9 b BT R G AR SR PR, 2 BATE BB BE 25 - 03l PPPY-RG
N N T > ’ --- PPId-R6
pndd R A AT, PICA AR Y AE Bl AT 45 ff - - PPCz-R6

o
)
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B RIS A AR A 2 R AR e T
%o 1EZEFHBIRIER T EL, i A NHPP 1 AE W2 5 T
PP, X 4 1% s} NHPP %) AE % PP #2 5 70~83 kJ/mol,
X R I T BESS A SO A Fy L PP R 5 I8 I
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