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Fig. 1 Chemical structures of dithiocarbamate acid with different metal atoms

Table 1 The formulation of modified PP with DHBP, TMPTA and ( NDBC) |:':1 , 231 ﬂ:ﬁ!&%iﬂ:ﬁ\%@%ﬁa/}\ , l}%ﬁﬁ:fﬂz
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Fig. 2 Behavior of the mixing torque for PP samples PP Kl B LR N 1R 2 0 P EHLIE L SR 110 CDD
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Fig.4 'H-NMR spectrum of purified a-PP in chloroform-D
after reaction with DHBP and ZDMC at 160°C for 15 min
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Fig. 5 Schematic drawing of possible reaction mechanism of PP
radicals with dithiocarbamates ( CDD as an example )
(Reprinted from Polymer, 2010, 51: 1593 ~ 1598%) with

Permission of Elsevier)
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Fig. 6 Chemical structures of dithiocarbamate zinc acid with different substituted groups
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Fig. 9  Rheological data of modified PPs at 180°C ; storage

modulus versus angular frequency ( Reprinted from Polymer

Degradation and Stabilit, 2011, 96: 653 ~ 659'%°) with

permission of Elsevier)
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Fig. 10 Chemical structures of dithiocarbamates used in this work
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Fig. 11 Behavior of the mixing torque for PP samples

modified with DHBP and different co-agents ( Reprinted from
Polymer, 2012, 53: 947 ~ 955[2'' with permission of

Elsevier)
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benzyl-thio > propyl-thio. 3% 55 ¥ % - [] iy 2 1 E T B Y PMMA /94> 74 (M), F 1
il GPC By 45 302 A —Emy. iR (1) A5 8 T A 2 % B (GPD) (R 2 7

R T R RAE PP RLE OB R R N AR AR ERAE R AT R B PP 5E iy PMMA
B, F2 A3 2 I T B 4 SR B g AT Sk, R R SR T SCHESY T 5 R PMMA 1) 4 1 = A
IR W R (MMA) AE R AU & ), RS T 4% [F]) . ELAR%HE WL 2.

R A AE PP A B v Y S R 3 B 5l i H- op - CPD XM, (1)
NMR ZfFE T MMA [ 4 K & (GD) , i 5 GPC il My, % 5000

Table 2 The formulation of modified a-PP with DHBP, dithiocarbamates and MMA and the structural parameters

Co-agents GD* ) PMMA"

Sample GPD® M, PDI

(mol% ) (mol% ) (mol% )
a-PP-g-MMA 0 3.8 1.3 15 19.1 3.0
a-PP-g-MMA -propyl-thio 3.8 2.8 2.5 5.6 9.8 2.5
a-PP-g-MMA -allyl-thio 3.8 1.9 6.8 1.4 4.0 2.1
a-PP-g-MMA-benzyl-thio 3.8 3.0 4.7 3.2 8.0 2.2

Basic composition for all samples: DHBP2. 5 mol% , MMA 39.5 mol%
* The grafting degree of MMA ;" Grafting point density ( graft points per 10000 carbons in the backbone of PP) ;° The number-average molecular
weight of the ungrafied free PMMA homopolymer;® The quantities of ungrafted free PMMA homopolymer ( Reprinted from Polymer, 2012, 53 ; 947

~955021) \ith permission of Elsevier)

i AR S (3% 2) A LA E] A Xf &4 TMPTA [ DHBP A1 — i A4 % JE B 2 g
BACE AL R 2 ), B R RO PR B (GD) 8l 2R A9 PP Rl Aok 1R R, JHG 2 B PR PR 1 4 B A
A ERERCEE (GPD) BR IF HAR B 6 RAT NS LR B A SC g g 45 2RO — By, sk 3
PR HE H R T JLUR 15 MMA SEA BRI AT A SR s, 76 PP A TMPTA J il Bl M A & b, A
FIRE T AR B, A ally-thio AR R P A B HACESE T IRIR 2 , Fe B R M B i (GD)
AR R A WD R R D ERS S & (B,) R, e 2R i (9 1 1R
K, HK & benzyl-thio F1 propyl-thio. SR A B 42

Table 3 The composition and structural parameters of i-PP and modified i-PP via extrusion process

DHBP  Co-agents  TMPTA M, M, . Gel GD* Ms*
Sample PDI B,
(mol% )  (mol% )  (mol%) x107? x107? (wt% ) (mol% ) (eN)
pppP — — — 408 2.9 — — 0 — 2
DpP 0.0145 — — 178 2.1 — — 0 — —
PP102 0.0145 — 0.18 492 4.1 410 0.21 4 0. 153 1.5
PPA112°¢ 0.0145 0.10 0.18 584 4.2 430 0.21 0 0. 146 2.5
PPB112! 0.0145 0.10 0.18 857 4.1 540 0.34 0 0.116 10
PPC112# 0.0145 0.10 0.18 709 3.9 450 0.26 0 0. 141 4

* The critical branching molar mass ;" The content of the branched molecules; The grafiing degree of TMPTA ;! Melt strength measured by a Gottfert
Rheotens device in combination with a high pressure capillary rheometer at 230°C ;° Propyl-thio; "Allyl-thio ; & Benzyl-thio( Reprinted from Polymer,

2012, 53: 947 ~9552") with permission of Elsevier)
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(5)M(6)). BL(5)FEME T PP Ry 7 A 2k h) AN IR A& Yy PP Rl ko eIk & o
W SE , AT Ik 20 PP fif B NE B e A, SO (6) T 1T SR (8) SEAL B H AR RV (7)) 3 2 (a0 >
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Fig. 12 Schematic drawing of possible reaction mechanism in the melt reaction of PP with and without

dithiocarbamates ( Reprinted from Polymer, 2012, 53.947 ~955053) ith permission of Elsevier)
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2-(Furan-2-ylmethylene)malononitrile (FN) 2-(Thiophene-2-ylmethylene)malononitrile (TN) 2-(Pyrrole-2-ylmethylene)malononitrile (PN)

Fig. 13 The chemical structure of different heteroaromatic ring derivatives ( Reprinted from Polymer Degradation and Stability, 2012, 97

40 ~48'%) with permission of Elsevier)
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Fig. 14 Behavior of the mixing torque for PP samples modified
with DHBP, TMPTA and different coagents ( Reprinted from
Polymer Degradation and Stability, 2012, 97 40 ~48'%/ with

permission of Elsevier) (color online)
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12, JAT A RIRR R DR PP R A T 3k
YEH. i & SEM L 3F 52 73X F B % 1K (% 47 #&,

\.‘FN orCFA ™ hd /

*_a —0Aa 00 aa

Fig. 15 Schematic drawing of microstructure of TMPTA in (a) TMPTA-2, (b) FN-2 and CFA-2

eprinted from Polymer Degradation and Stability, s . ~ 48! with permission o sevier
Reprinted from Polymer Degradati d Stability, 2012, 97 40 ~48%%) with p f El
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Fig. 16 Rheological data of modified PPs at 180°C : (a) and (c) storage modulus versus angular frequency, (b) and (d) complex

viscosity versus angular frequency ( Reprinted from Polymer Degradation and Stability, 2012, 97 ; 40 ~ 482/ ith permission of Elsevier)
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Table 4 Characterization results of plain PP and modified PP samples

N N [n]* Gel End-torque i MS
Sample M, x107% M x107° PDI b LCBD
(dL/g) (wt% ) (N-m) (eN)
pp! 219 307 3.13 1.42 1.0 0 8.8 0 2
DPP* 80 88 2.32 0.53 — 0 3.8 — n.d
pst! 115 137 2.15 0. 68 — 0 7.2 — n.d
PDVB# 126 265 4.25 0.56 0.71 15 7.5 1.95
pBS1" 165 266 2.21 1.20 0.88 0 7.6 0.52
PBS2' 176 366 2.91 1.11 0.79 0 8.9 0.83 10
PBS3! 207 412 3.6 1.22 0. 80 14 10 0. 68 14

* Weight average intrinsic viscosity ;" Weight average branching factor g’; “Long chain branching points per 10000 carbon; [ B215] =2 g/kg;”
[ DHBP] =3.4 mmol/kg, [ B215] = 2 g/kg;'[ DHBP] =3.4 mmol/kg, [St] = 88 mmol/kg, [B215] = 2 g/kg;¥[ DHBP] =3. 4 mmol/kg,
[DVB] = 88 mmol/kg, [B215] = 2 g/kg;"[ DHBP] =3.4 mmol/kg, [ BS] = 50 mmol/kg, [ B215] = 2 g/kg;'[ DHBP] =3.4 mmol/kg,

[BS] = 88 mmol/kg, [B215] = 2 g/kg;’[ DHBP] =3.4 mmol/kg, [BS] =

2012, 53 121 ~ 129" with permission of Elsevier)
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Fig. 18 "H-NMR  spectrum of purified PBS in
tertachloroethane-d, at 110°C ( Reprinted from Polymer, 2012,

53 121 ~ 129" with permission of Elsevier)
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\
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N
Fig. 19  Schematic drawing of chemical reactions between PP

macroradical and grafting monomers ( Reprinted from Polymer,

2012, 53 121 ~ 129" ith permission of Elsevier)
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Fig. 20 TEM micrographs of PP/CNTs nanocomposites: (a) 0.5C, (b) 0.5C0.02D, (c¢) 0.5C0.1B0.02D and

(d) 0.5C0.04M0. 02D"*) (Reproduced by permission of the Royal Society of Chemistry)
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Fig. 21

(a) The complex viscosity (1" ) as a function of shear frequency (@) ; (b) Raman spectra of

the samples; (¢, d) TEM micrographs of pristine CNTs (left) and CNTs (right) from 2C0.4B0. 08D

extracted by xylene at 130°C for 96 h'>*) (Reproduced by permission of the Royal Society of Chemistry)
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(a) Raman spectra of SWNTs, SWNTs/TBzTD and SWNTs/BA mixtures in radial breathing mode (RBM) ; (b) Cls XPS spectral

BA mixtures 3} ( Reproduced by permission of the Royal Society of
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Fig. 23

(a) Schematic drawing of interactions between PP and CNTs in the sample 0. 5C0. 1B0. 02D

and (b) the mechanism of the improvements of mobility sensitivity of CNTs
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Fig. 24 TEM images of PP/C¢, nanocomposites: (a) 12C, (b) 12€010D, (c) 12€020D and (d) 12¢030D !

(Reproduced by permission of the Royal Society of Chemistry)
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Fig. 25 GPC traces from laser light scattering detector (15°

angle) for the soluble portions from PP/Cy, nanocomposites>*]

(Reproduced by permission of the Royal Society of Chemistry)
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Fig. 26  The intrinsic viscosity ([ 7]) versus the molecular

weight (M) for different samples measured by SEC-TALLS!*!

(Reproduced by permission of the Royal Society of Chemistry)
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Fig. 27 Effect of the content of DHBP on melt strength of PP
and PP/Cy, nanocomposites **! ( Reproduced by permission of

the Royal Society of Chemistry)
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Fig. 28

Schematic drawing for two kinds of long chain branched structures

[39]

(Reproduced by permission of the Royal Society of Chemistry)
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Fig. 29 Effect of dissolution-precipitation treatment on storage modulus (a) and complex viscosity (b) versus angular frequency of sample

12C and 12€020D at 180°C '*’ ( Reproduced by permission of the Royal Society of Chemistry)

D7k ,—J7 AT LA ] PP R i, 55— O T A L
T R AR B 2R 4R B AR SRR,
PEE PP S AL A 1 7

T3NS RS AN K S A R KR T B
SRR, SR T o i 7 1 D D A fe 4 Kk
THREEWHEM K AL M E v-m A
ORI BGE T 0K T B 0 BOR S , — @R
iR R T KL T A SR A AR TR B o R A

il &L VERER RS AR S A RHEE T —
ZRAIAT B ER. Bl - £E PP/CNTs & &R Z& b,
ARG S A5 W AT LA oI 5 T B L, 2 8 44 K
KL 73 BORE BE , 1) PP (A F) 3 A 5 24 2R O
AL 2 S5 4 B XU P 26 fe & W, A (R AT LR v
CNTs {973 HOCRE B , 38 AT LU & CNTs 75 55 41 B )
AL fE

FE AR ) Hh R S A R 23 3R 6 ) 4 e



1216 [T N SR R ¢ 2012 4

ad A PR RN, 0 AT AT LU X R A YA, D AR 0 e R E 0 4 R SR A
Fe SO AP BT FRATTI B n] DURE SR 86073k 207k 2R AT DL 5 P RE AL S A ol R S M d
VA EESI BN AP E e B Fa A ¥ TI o NN L =

O, R L6 25 5% ¥ 58 B3R D5 ¥R I N

REFERENCES

1 Naguib H,Park C,Panzer U, Reichelt N. Polym Eng Sci,2002,42 ;1481 ~ 1492

Sugimoto M, Suzuki Y,Hyun K, Ahn KH, Ushioda T, Nishioka A. Rheol Acta,2006,46 .33 ~44

Lee J I,Yang S B, Jung H T. Macromolecules,2009 ,42 .8328 ~ 8334

Koval’ chuk A A,Shevchenko V G,Shchegolikhin A N, Nedorezova P M, Klyamkina A N, Aladyshev A M. Macromolecules,2008 ,41:7536 ~
7542

Mclntosh D, Khabashesku V N, Barrera E V. ] Phys Chem C,2007,111:1592 ~ 1600

Krause B, Stephan M, Volkland S, Voigt D, Haussler L, Dorschner H. J Appl Polym Sci,2006,99 :260 ~265

Schulze D, Trinkle S, Miilhaupt R, Friedrich C. Rheol Acta,2003,42.251 ~258

Graebling D. Macromolecules,2002,35:4602 ~ 4610

Tian J,Yu W,Zhou C. Polymer,2006,47 :7962 ~ 7969

10 Parent J S,Sengupta S S, Kaufman M, Chaudhary B I. Polymer,2008 ,49 :3884 ~ 3891

11 Parent J S,Bodsworth A,Sengupta S S, Kontopoulou M, Chaudhary B I. Polymer,2009,50 .85 ~ 94

12 Cartier H,Hu G H.J Appl Polym Sci,1998,36:1053 ~ 1063

13 Coiai S,Passaglia E, Aglietto M, Ciardelli F. Macromolecules,2004 ,37 ;8414 ~ 8423

14 Graebling D. Macromolecules,2002,35 :4602 ~4610

15  Zhang Z,Xing H. Polymer,2010,51:1593 ~ 1598

16  Shing J,Baker W, Russell K. J Polym Sci Part A ;Polym Chem,1995,33:633 ~ 642

17 Miinstedt H,Schwetz M, Heindl M, Schmidt M. Rheol Acta,2001,40:384 ~394

18 Lambrinos P, Tardi M,Polton A,Sigwalt P. Eur Polym J,1990,26:1125 ~ 1135

19  Luo Y. Comprehensive Handbook of Chemical Bond Energies. CRC Press;Boca Raton, FL.2007

20 Zhang Z,Wan D,An Y, Liu F,Xing H, Wang L, Jiang Z,Tang T. Polym Degrad Stab,2011,96:653 ~ 659

21 Xing H,Jiang Z,Zhang Z,Qiu J,Wang Y ,Ma L, Tang T. Polymer,2012,53:947 ~ 955

22 Matyjaszewski K, Poli R. Macromolecules,2005,38 ;8093 ~ 8100

23 Coiai S, Augier S,Pinzino C,Passaglia E. Polym Degrad Stab,2010,95:298 ~305

24 Coiai S,Passaglia E, Aglietto M, Ciardelli F. Macromolecules,2004 ,37 ;8414 ~ 8423

25 Passaglia E,Coiai S, Augier S. Prog Polym Sci,2009,34:911 ~ 947

26 Zhao SW,Liu L,Fu Y,Guo Q X.J Phys Org Chem,2005,18:353 ~367

27 Fischer H,Radom L. Angew Chem Int Ed,2001,40:1340 ~ 1371

28 Wan D,Ma L,Zhang Z,Xing H,Wang L, Jiang Z,Zhang G,Tang T. Polym Degrad Stab,2012,97:40 ~ 48

29 Borsig E,van Duin M, Gotsis A D, Picchioni F. Eur Polym J,2008 ,44.200 ~212

30 Li Yingchun(ZE# %) , Han Chaoyii ( % 5] 5% ) , Zhang Suyan ( 3k Z # ) , Xing Zhiguang ( Jif§ &% )¢ ) . China Plastics Industry ( ¥ Tk ) ,

2003,31:43 ~45

31 Zhang Z J,Wan D,Xing H P. Polymer,2012,53.121 ~ 129

32  Kimura T,Ago H,Tobita M, Ohshima S, Kyotani M, Yumura M. Adv Mater,2002,14 .1380 ~ 1383

33  Hone J, Whitney M, Piskoti C,Johnson A T,Fischer J] E. App Phy Lett,2000,77 .666 ~ 668

34 Vigolo B,Penicaud A, Coulon C,Sauder C,Pailler R, Journet C,Bernier P,Poulin P. Science,2000,290:1331 ~ 1334

35 Ajayan P M, Stephan O, Colliex C,Trauth D. Science,1994,265.:1212 ~ 1214

36 Wang Y J,Wen X,Wan D,Zhang Z J,Tang T. ] Mater Chem ,2012,22.3930 ~3938

37 Zhang Z,Che Y ,Smaldone R A,Xu M,Bunes B R,Moore J S,Zang L. ] Am Chem Soc,2010,132:14113 ~ 14117

38 Yang D Q,Hennequin B,Sacher E. Chem Mater,2006,18.5033 ~5038

39 Wan D,Zhang Z J,Wang Y J,Xing H P,Jiang Z W, Tang T. Soft Matter,2011,7:5290 ~ 5299

LRSI S

Nl SR = V]



11 3] TR P 455 3 e A 1 e e S R4 R TR R AR ) 5 A AR 45 4 1217

MEDIATING CHAIN STRUCTURE AND PHASE STRUCTURE OF
POLYPROPENE MATERIALS BY MELT REACTION

Hai-ping Xing''?, Yu-jie Wang''?, Dong Wan''?, Zhen-jiang Zhang’ , Zhi-wei Jiang"*>, Tao Tang'
(" State Key Laboratory of Polymer Physics and Chemistry, Changchun Institute of Applied Chemistry,
ChineseAcademy of Sciences, Changchun 130022)

(* Graduate School of the Chinese Academy of Sciences, Beijing 100049)

(* Liming Research Institute of Chemical Industry, Luoyang 471000)

Abstract Polypropylene (PP) is one of the most widely used and the fastest growing resin in the world.
Compared to other thermoplastic resins, PP presents some advantages in performances,such as a low density,
high melting point, excellent mechanical properties and chemical stability etc. However, commercial PP is linear
structure and non-polar,which greatly limit the application of PP in extrusion coating,foaming and the blend
with Inorganic materials. The chain of PP can be easily attacked by peroxide radicals and forms PP
macroradicals. The melt radical grafting is a convenient and economic approach to the modification of PP. We
demonstrate herein that the chain structure and phase structure of PP can be adjusted by controlled radical melt
reaction; (1) introducing long chain branches into PP backbone to prepare high melt strength PP; (2)
enhancing the interfacial interactions between PP and nanomaterials during preparing PP/C,, and PP/CNTs
nanocomposites ,and improving the dispersion of nanomaterials in PP matrix.

Keywords Radical, Melt reaction, Chain structure, Phase structure



