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Abstract

The crystallization of polyolefins is an important parameter in determining the properties of
such materials. The crystallization phenomenon generally depends on the molecular
symmetry (tacticity) and molecular weight of the material. In this study, a series of
polypropylenes was prepared using heterogeneous Mgpported Ziegler catalysts with

two different external donors, diphenyldimethoxysilane (DPDMS) and methyl-phenyl-
dimethoxysilane (MPDMS), and two different homogeneous metallocene catalbysts,
ethylene-bis(indenyl) zirconium dichloride, Et(Ie@)Cl, (El), andrac-ethylene-bis(4,5,6,7-
tetrahydro-1-indenyl) zirconium dichloride, Et(H41aa)Cl, (EI(4H)). Molecular hydrogen

was used as terminating agent.

In order to establish a correlation between the molecular weight and the crystallization of
these polymers, fractionation of the materials according to crystallizability was performed by
means of temperature rising elution fractionation (TREF). This affords the opportunity of

blending materials of different molecular weights but similar symmetry.

These materials were characterized using various analytical techniques: differential scanning
calorimetry (DSC), wide-angle X-ray diffraction (WAXDYC nuclear magnetic resonance
spectroscopy {C-NMR), high temperature gel permeation chromatography (HT-GPC) and

Fourier-transform infrared spectroscopy (FT-IR).

DSC was used to study the bulk crystallization of different polypropylene blends, most of
which showed only one melting peak. The latter is usually associated with a high degree of
cocrystallization. Turbidity analysis of the different polypropylene polymers, obtained using
solution crystallization analysis by laser light scattering (SCALLS), provided good
crystallization information — similar to that provided by crystallization analysis fractionation
(CRYSTAF) and TREF. It was also possible to differentiate between polypropylenes with
similar chemical structure but different tacticity and molecular weight. SCALLS results also
showed that the blends of different isotactic polypropylene polymers were miscible and
cocrystallization had occurred, whereas, the blends of syndiotactic polypropylene and
different isotactic polypropylenes were not miscible and some interaction between phases had

occurred.

Optical microcopy (OM) and scanning electronic microscopy (SEM) were used to study the
morphological properties of different isotactic polypropylenes. Results revealed a well-

defined and large spherulitic morphology of mixet (disordered) and2 (ordered) crystal
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form structures. OM and SEM images also clearly showed an effect of molecular weight and

tacticity on the crystal structure of the different polypropylene samples.

Finally, various homopolymers and blends were studied to investigate the effect of molecular
weight on the mechanical properties of these materials. This was done using microhardness

testing and dynamic mechanical analysis.
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Opsomming

Die kristallisasie van poliolefiene is ‘n belangrike faktor wat die eienskappe van hierdie tipe
materiale bepaal. In die algemeen hang kristallisasie af van die molekulére simmetrie (taktisiteit)
en molekulére massa van die materiaal. ‘n Reeks polipropilene is berei deur gebruik te maak van
heterogene MgGlondersteunde Ziegler-kataliste met twee verskillende elektron donors,
difenieldimetoksisilaan (DPDMS) en metielfenieldimetoksisiiaan (MPDMS), en twee
verskillende homogene metalloseenkatalistac-etileen-bis(indeniel) sirkoniumdichloried,
Et(IndxZrCl, (El), en rac-etileen-bis(4,5,6,7-tetrahidro-1-indeniel) sirkoniumdichloried,
Et(H4Ind»ZrCl, (EI(4H)). Molekulére waterstof is gebruik as termineringssagent.

Ten einde ‘n verband te bepaal tussen die molekulére massa en kristallisasie van hierdie
polimere is hulle gefraksioneer op die basis van hulle kristallisseerbaarheid deur gebruik te maak
van temperatuurstyging-elueringsfraksionering (TREF). Deur hierdie tegniek verkry ons

materiale van verskillende molekulére massa maar met dieselfde taktisiteit wat ons kan vermeng.

Verskeie tegnieke is gebruik om hierdie materiale te Kkarakteriseer: differensiéle
skandeerkalorometrie (DSC), wyehoek X-straal diffraksie (WAXE-kernmagnetiese
resonansspektroskopi€®¢-KMR), hoé-temperatuur gelpermeasiechromotagrafie (HT-GPC) en

Fourier-transform-infrarooispektroskopie (FT-IR).

DSC is gebruik om die vaste-toestand kristallisasie van verskeie vermengde polipropilene te
bestudeer., en net een smeltpunt is in meeste gevalle waargeneem. Laasgenoemde word
gewoonlik verbind met ‘n hoé mate van kokristallisasie. Oplossingkristallisasie analise, dmv
laserligverstrooiing (SCALLS), is gebruik om die turbiditeit van die verskillende polipropileen
kopolimeervermengings te bepaal. Goeie inligting aangaande die kristallisasie in oplossing —
soortgelyk aan dié wat dmv die kristallisasie-analise-fraksioneringstegniek (CRYSTAF) en
TREF bepaal is, is verkry. Dit was ook moontlik om te onderskei tussen polipropilene met
soortgelyke chemiese strukture maar verskillende taktisiteit en molekulére massas. SCALLS data
het ook getoon dat die vermengings van verskeie isotaktiese polipropileen polimere versoenbaar
was en dat kokristallisasie plaasgevind het, terwyl vermengings van sindiotaktiese polipropileen
en verskeie isotaktiese polipropilene nie versoenbaar was nie en dat ‘n mate van fase-skeiding

plaasgevind het.

Optiese mikroskopie (OM) en skandeer-elektronmikroskopie (SEM) is gebruik om die

morfologiese eienskappe van verskillende isotaktiese polipropilene te bepaal. Goed gedefineerde
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en groot sferulitiese morfologie van gemengale (onordelike struktuur) em?2 (ordelike

struktuur) kristal-strukture is waargeneem.

OM en SEM beelde het ook gewys dat molekulére massa en taktisiteit ‘n effek het op die

kristalstruktuur van die verskillende polipropileenmonsters.

Laastens is die meganiese eienskappe van ‘n verskeidenheid homopolimere en vermengde
materiale bestudeer, deur gebruik te maak van mikro-hardheid metings en dinamies-

meganiese analise (DMA).



Stellenbosch University http://scholar.sun.ac.za

Dedicated to:
My Mother, Aisha
and
My Father, Salem

For their love, support and encouragement and
for giving me the opportunities they didn’t have.



Stellenbosch University http://scholar.sun.ac.za

ACKNOWLEDGEMENTS

| would like to thank Allah/God for giving me strength, health, opportunity and courage

to face my reality. | thank him also for blessing me.

| cordially appreciate my study leader, Prof. Albert J. Van Reenen for his support, advice,
and guidance throughout this work. | really appreciate his time and concern.

| sincerely thank the International Centre for Macromolecular Chemistry and Technology

in Libya for financial support and encouragement.

| am grateful to Dr. M. J. Hurndall, for her assistance and advice on the proofreading of
this thesis.

| also would like to express my thanks to all the members of our polyolefins research
group at Institute of Polymer Science in Stellenbosch University for their friendship,

fellowship, assistance, helpful suggestions, support and encouragement.

My appreciation also extended to the people who kindly did my measurements and
analysis.

Lastly and most of all, there are not enough words to thank my family for their
continuous love, strong support and unlimited encouragement liaae received over
the years. Without them none of this would have been possible. My appreciation is also

expressed to all my dear and wonderful friends for their friendship, help and support.



Stellenbosch University http://scholar.sun.ac.za

List of contents

(I ES) A0 ] 070 ] 01 (=] 01 =3 I
LISt Of fIQUIES .o e e e e e e e e Vi
LISt Of tADIES e X
LISt Of SCREMES. . ..t e e e e e XV
List Of pUBIICALIONS.... ... e e XVI
List Of @bbreViations. .. ... XVII

CHAPTER 1: Introduction and objectives

1.1 General INtrOAUCTION. .. ...t e e e e e e e e e e 1
B2 @ o] 1= Toa 117 2
L. 3 RO O BN CES. .ot ittt e e e e e e e e s 3

CHAPTER 2: Historical and theoretical background

2.1 POIYPIOPYIENE. .. .. e e e e 4
P I R o 1] (o Y2 P 4
2.1.2 Polypropylene configurationsS............ccooeiiiiiiiieieiee e, 4
2.1.3 Polypropylene conformations and crystal structures.......................... 5
2.1.4 Crystallinity and polymer Structure............coooviie i e, 6
2.2 The crystalline structure of isotactic polypropylene............c..cooiiiiii i, 7
2.2.1 Thea-phase of isotactic polypropylene...........cccovviiiiiiiiiiiiiinnnnns. 7
2.2.2 TheB-phase of isotactic polypropylene..........ccooviiiiiiiii i, 8
2.2.3 They-phase of isotactic polypropylene.............ccooviiiiiiiiiiie i, 9
2.3 The crystalline structure of syndiotactic polypropylene................ccooeiviennnns 10
2.4 Molecular weight effects on crystallization.................ocoii e, 11
2.5 Ziegler-Natta CatalyStS. .. ......v i e e e e e 13
2.5.1 BaCKgrOUNd. ... .cuiiiititit e e e e e e e e e e e e e e 13
2.5.2 Ziegler-Natta catalySt SYStemS........cooviiiiiiiie i e e 14
2.5.3 Lewis donors in Ziegler-Natta catalyst systems.............ccoooveiiiiennnnn. 15
2.6 Metallocene CatalyStS. .. .. ... i 16
2.6.1 Historical background.............couveiiiii i 16
2.6.2 Metallocene catalyst SYStemMS........coouiiiiiiiiie i e 17
2.6.3 General structure of metallocene catalysts...........cccooviii i, 19
2.6.4 Mechanism of propylene polymerization using metallocene catalyst
03T (ST 11 P 20
2.6.4.1 INitiation reaCtiONS. .. ... cuiie i it e e 20
2.6.4.2 Propagation reactionsS..........covvveiviniinvie i venennennenens 20
2.6.4.3 Transfer reacCtionS..........ocoiieiie it e e 21
2.6.5 Influence of hydrogen on propylene polymerization......................... 22



Stellenbosch University http://scholar.sun.ac.za

2.7 Fractionation teChNIQUES....... ..ot e 22

2. 7 L TREF . o 22
2.7.1.1 Fractionation SEt-UpP........cceiiiriieiie et e e e e e 23
2.7, 2 CRY ST A .t e e e e e 24
2.7.3 SCALLS ... 25
2.8 POlymer BIENAS. ... .o 26
2.9 MechaniCal ProPertiES. .. ...cuu ittt e e e e 27
2.0, L MH. .. 28
2.0, 2 DM A e e e e 29
2.10 RETEIBNCES. .. e e e e e 30

CHAPTER 3: Fractionation and crystallization of isotactic polypropylenes
prepared using a heterogeneous transition metal catalysts

G700 R 1 {0 To [T i [0 ) o TP 36
3.2 EXPerimental ... 36
B2 L MALEIIAIS ...t e e e e e e e 36
3.2.2 Polymerization ProCedUIE.........ouuiuiie e et e v ee e e 36
3. 2.3 TREF teChNiqUe. ... e e 37
3.2.3.1 The crystallization Step.........ccvveiiii i, 37
3.2.3.2The elution SteP.. ..o it e 38
3.2.4 CharaCterization..........ooiui it e e e e e e e e 39
3.24.18C NMR ...ttt e, 39
B2 4.2 HT-GPC ... e e e 40
Bi2. 4.3 DS it 40
B2 44 WAXD ...t 40
B B T e I | 40
3.3 RESUIS @Nd iSCUSSION. . ... ettt e e et e e e e e e e e 41
3.3.1 Characterization of the non fractionated polypropylenes.................... 41
B.BL L L ACHIVIY et e e e e e 42
3.3. 1.2 MICTOSIIUCTUI ... e e e e e e e e e e e e 43
3.3.1.3 Molecular weight and molecular weight distribution............... 44
3.3.1.4 Crystallinity and melting behaviour................ccoooeiiiii . 45
3.3.1.5 Crystalline StruCture..........oovviiirie i e e e 48
3.3.2 Fractionation and characterization of the polypropylenes.................... 50
3.3.2.1 Polypropylenes prepared with NO ED............cccoeiiiiiinane.n. 50
3.3.2. 1.1 MICIOSIIUCTUIE ... .. et et e e e e 53
3.3.2.1.2 Molecular weight and molecular weight distribution...... 54
3.3.2.1.3 Crystallinity and melting behaviour............................ 57
3.3.2.1.4 Crystal phase analysis...........ccooviiiiiiiii e, 61
3.3.2.2 Polypropylenes prepared with MPDMS as external donor......... 62
3.3.2.2.1 MICIOSIIUCTUIE ... ..\t et et e e e 64
3.3.2.2.2 Molecular weight and molecular weight distribution...... 66



Stellenbosch University http://scholar.sun.ac.za

3.3.2.2.3 Crystallinity and melting behaviour

............................ 67
3.3.2.2.4 Crystal phase analysiS.............covovvii i vii i 71
3.3.2.3 Polypropylenes prepared with DPDMS as external donor......... 71
3.3.2.3. 1 MICIOSIIUCTUI® ... .. vt ee et e e e e 74
3.3.2.3.2 Molecular weight and molecular weight distribution...... 75
3.3.2.3.3 Crystallinity and melting behaviour............................ 76
3.3.2.3.4 Crystal phase analysiS............ccoveiiii i i 78
B4 CONCIUSIONS ... .ttt e e e e e e et et e e e e e 79
B REIBIENCES ..o 81
CHAPTER 4: Fractionation and crystallization of isotactic
polypropylenes prepared using homogenous metallocene catalysts
73 R 11 o To Ui 1 o) o H PP 83
4.2 EXPEIIMENTAL ...ttt e e e e e 84
4.2 1 MALEHIAIS ...t e e e e e e e e 84
4.2.2 POIYMEIIZALION. ...ttt e et e e e e e e e e e 85
423 TREF teChNiqUe. ... .o e 85
4.2.4 Characterization teChNIQUES.........ovt ittt i e et et e e e e e 85
4.3 ReSUItS and diSCUSSION. .. ...uue it et et e e et e e e e e 85
4.3.1 Characterization of the non-fractionated polypropylenes.................... 85
4.3 1.1 ACHVILY ot et e e e e s 86
4.3.1.2 MICIOSITUCTUIE ... e et e e e et e e e e e e e 87
4.3.1.3 Molecular weight and molecular weight distribution............... 88
4.3.1.4 Crystallinity and melting behaviour...................c.oi 89
4.3.1.5 Crystalline StruCtUre...... ..o iiniiie i e e 91
4.3.2 Fractionation and characterization of the polypropylenes.................... 93
4.3.2.1 Polypropylenes produced using the El catalyst...................... 93
4.3.2.1.1 MICIOSITUCTUI® ... ..u et e et e e e e e e e 95
4.3.2.1.2 Molecular weight and molecular weight distribution...... 97
4.3.2.1.3 Crystallinity and melting behaviour............................ 98
4.3.2.1.4 Crystal phase analysis..........ccoocie i i, 101

4.3.2.2 Polypropylenes produced using the EI(4H) catalyst................ 101
4.3.2.2.1 Microstructure

................................................... 103
4.3.2.2.2 Molecular weight and molecular weight distribution...... 105
4.3.2.2.3 Crystallinity and melting behaviour............................ 106
4.3.2.2.4 Crystal phase analysis..........ccoocieiii i e, 108
4.3.2.3 Commercial syndiotactic polypropylene................cc.ccoeevnnen. 109
4.4 CONCIUSIONS. .. ..ttt e e e e e e e e e e e et e e e en e 113
4.5 REIEIENCES ...ttt e e e e e e e 114



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 5: Use of DSC and SCALLS for studying the bulk and solution
crystallization of different polypropylenes

0 R 11 {0 To [0 i [0 ] o ORI 116
5.2 EXPEIMENTAl ... o e e 117
5. 2. 1 MAEIIAIS. .. ..t e 117
5.2.2 SCALLS . ..ttt 117
5. 2.8 CRY ST A . i e e 119
D 2.4 TREF . . s 119
5.2.5 Characterization teChniques...........ccooviiiiii i e 119
5.3 ReSUIS aNnd iSCUSSION ... .uviii it i ittt e e e e e e re e ean 120
5.3.1 Use of DSC for studying the bulk crystallization of different
polypropylene bBIENdS.........coii i 120
5.3.1.1 Ziegler-Natta polypropylene blends...............cccovviiiiiinenn 120
5.3.1.1.1 Blends of polypropylenes with similar tacticities and
different molecular weights......... ..o, 120
5.3.1.1.2 Blends of polypropylenes with similar molecular weights
and different tactiCitieS..........covivi i 122
5.3.1.2 Metallocene polypropylene blends..............c.cocie i, 125
5.3.1.2.1 Blends of polypropylenes with similar tacticities and
different molecular weights......... ..o, 125
5.3.1.2.2 Blends of polypropylenes with similar molecular weights
and different taCtiCities...........covie i 126
5.3.2 Use of the SCALLS for studying the solution crystallization of different
POIYPIOPYIENES ... ..o e e 128
5.3.2.1 SCALLS cooling and heating experiments........................... 128
5.3.2.2 Analysis of solution blending of different polypropylene
[010] )77 .41 £ P 131
5.3.2.2.1 Blends with similar molecular weights and different
162 10 £ o 11 131
5.3.2.2.2 Blends with similar tacticities and different molecular
=T o | | 132
5.3.2.2.3 Blends of isotactic and syndiotactic polypropylene
10 )Y 0 1T £ 133
5.3.2.3 Use of the SCALLS heating cycle to determine weight fraction
distributions of different polypropylenes.............c.ccooiiiii i, 134
5.3.2.4 Comparison of estimation of weight fractions from SCALLS,
TREF and CRY STAF ... e e e 136
LS S @ T 111 10 141

5.5 References



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 6: Morphological and mechanical properties of polypropylene and
polypropylene blends

(G N [ o1 i o o [¥ Tox i o] o I PP 144
6.2 EXPeriMENtal ... e 145
6.2.1 Sample preparation for mechanical tests...............ccovciviiii i, 145
6.2.2 Preparation of etching reagent.............c.ocoi i e 145
6.2.3 Procedure of the etching proCess..........coviii i 145
6.2.4 Determination of morphology...........cccooiiiiiiiiiii e, 146
6.2.4.1 OptiCal MICIOSCOPY ... euuitie it ettt e e e 146
6.2.4.2 Scanning electron MICrOSCOPY ... ...vverrviiiiriieiie e eeeeeenn 146
6.2.5 Mechanical teChniqUes...........coi i, 146
6.2.5.1 Dynamic mechanical analysis.............c.ccoviiiii i, 146
6.2.5.2 MICIONArdNESS. ... e vt e 146
6.3. RESUIES @nd AiISCUSSION... . .unitiie et et e e e et e e e e e e 147
6.3.1 Morphological Properties. ........ovuueeiie i e e e 147
6.3.1.1 Optical mMicroscopy analysiS..........ccoviviiieiieiieiiiieceeceeaenn 147
6.3.1.2 Scanning electron microscopy analysiS............oovvivvivienveninnns 150
6.3.2 Mechanical Properties.........oovviiirie e e e e e 152
6.3.2.1 MiICronardness. .. .....coui it e 153
B.3.2.2 DM . .. e 157
6.3.2.2.1 Effect of molecular weight.............coocoiiiiiiiii e, 157
6.3.2.2.2 Effect of isotactiCity............cocvveiiiiiiiiiii e, 160
6.3.2.2.3 DMA of blends........c.oo oo, 161
G @] T [ 13 o] 1 PP 163
6.5 RETEIBNCES. .. e 164

CHAPTER 7: Synopsis and conclusions

SYNOPSIS @Nd CONCIUSIONS... ...ttt e e e e e e e e e e e eaeaaeas 166



Stellenbosch University http://scholar.sun.ac.za

List of figures

CHAPTER 2

Figure 2.1 Schematic illustration of the stereochemical configurations of
polypropylene: a) isotactic, b) syndiotactic, c) atactic.................. 5
Figure 2.2 Chain conformations of isotactic polypropylene. Right (R)- and
left (L)-handed helices in their up (up) and down (dw)
(o0 ] a1 {To U] =11 (0] o < 7 6
Figure 2.3 Two limiting forms of thea-phase. Left:al; Right: a2. The
horizontal arrows indicate the projection of the a-axis, the vertical
arrow indicates the b-axis. The c-axis is perpendicular to the plane

Figure 2.4 Schematic representation of the arrangement of isotactic
polypropylene helices in thg-phase. The arrows indicate the b-
axes, the c-axis is perpendicular to the plane of

1YL= PP PPPPPPPPRR 8
Figure 2.5 Schematic representation of the arrangement of isotactic
polypropylene helices in thephase.................ooi i, 9

Figure 2.6 Conformations of chains of syndiotactic polypropylene in the
different crystalline polymorphic forms. Helical (ttgg)
conformation with s(2/1)2 symmetry (A), trans-planar
conformation with ¢m symmetry (B) andet.t.g, conformation
WiIth t SYMMeEtry (C).onveie i e, 11

Figure 2.7 Limit ordered models of packing of form I (A), form Il (B), form
[l (C) and form IV (D) of syndiotactic polypropylene. R: right-

handed helix, L: left-handed heliX..............ccoooiii i, 12
Figure 2.8 Structure of ferroCEeNE. ... ...c.ov i 16
Figure 2.9 Simplified representation of methyl aluminoxane...................... 17
Figure 2.10 General structure of a bridged group 4 metallocene catalyst

(1T o B =0 ] P 19
Figure 2.11 Classification of metallocene catalysts according to their

SYIMIMIEIIY ..t e e e e e e e e e e e e e e 20
Figure 2.12  Schematic representative of the separation mechanism of TREF.... 24
CHAPTER 3
Figure 3.1 The setup used for the TREF crystallization step....................... 37
Figure 3.2 lllustration of the column packing for the TREF elution step ......... 38
Figure 3.3 The TREF elution SEet-UP .......c..viiiniiiiiiiiieee e 39

Figure 3.4 Activity (kg PP/(g Ti.h)) of propylene polymerization as a function

Vi



Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8
Figure 3.9
Figure 3.10

Figure 3.11

Figure 3.12

Figure 3.13

Figure 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20
Figure 3.21

Figure 3.22
Figure 3.23

Figure 3.24

Figure 3.25

Stellenbosch University http://scholar.sun.ac.za

of the added hydrogen concentration ...................cccoveeeeenn .. 42
Dependence of the isotacticity of polypropylenes, on hydrogen
concentration prepared in the presence and absence of EDs.... 43..

Dependence of the molecular weight of polypropylenes, on
hydrogen concentration prepared in the presence and absence of

EDS. 44
Dependence of the molecular weight distribution of
polypropylenes, on hydrogen concentration prepared in the
presence and absence Of EDS........ccccccvviiiiiiiiiiiiii e 45
Effect of hydrogen concentrations on the crystallinity of the
polypropylenes in the presence and absence of EDs................... 46
Effect of molecular weight on the crystallinity of the
polypropylenes in the presence and absence of EDs................... a7
Effect of isotacticity on the crystallinity of the polypropylenes in

the presence and absence of EDS..........cooviiiiiiiiiiiiii il 47

Typical X-ray diffraction patterns of polypropylenes produced: (A)
in the absence of ED, (B) in the presence of DPDMS as ED and

(C) in the presence of MPDMS @S ED.........cccvoviii i, 49
TREF curves of samples Z13, Z15 and Z16: (A) Wi%And (B)

DR 51
Distribution of weight percentage of Z13, Z15 and Z16 fractions

vs. elution temperature (°C).......oviiiiiiiiiiiiiieeeir e 52
Meso pentad percentagesnimm %) of Z13, Z15 and Z16
fractions vs. TREF elution temperature..............ccooveiiiiieinnnnn. 54
Evolution of molecular weight of TREF fractions of Z13, Z15 and

Z16 vs. TREF elution temperature.............oovoiiiii i, 55
Polydispersity data for the TREF fractions of samples Z13, Z15
AN ZL6... ot 56
Waterfall plot of the DSC melting endotherms for the fractions of
SAMPIE Z13 ... s 57
Evolution of melting temperatures {rof TREF fractions of Z13,

Z15 and Z16 samples versus TREF elution temperature............... 58
Evolution of crystallization temperaturefiof Z13, Z15 and Z16

TREF fractions versus TREF elution temperature..................... 59
Degree of crystallinity of the TREF fractions of samples Z13, Z15

and Z16 versus TREF elution temperature...............cccooevvvnn. 59
Effect of isotacticity on the crystallinity degree of the TREF
fractions of samples Z13, Z15and Z16..............ccccoveeiennnnnnn. 60
FTIR spectra of the TREF fractions of sample Z15.................... 61
Typical X-ray diffraction patterns of the different TREF fractions

Of the Z15 sample... ..o e 61
TREF curves of samples Z8, Z9 and Z10: (A) Wi%/and (B)
Distribution of weight percentage of Z13, Z15 and Z16 fractions

vs. elution temperature (°C)......ooviiiiii i 64

VI



Figure 3.26
Figure 3.27
Figure 3.28
Figure 3.29
Figure 3.30
Figure 3.31
Figure 3.32
Figure 3.33
Figure 3.34
Figure 3.35
Figure 3.36
Figure 3.37
Figure 3.38
Figure 3.39
Figure 3.40
Figure 3.41
Figure 3.42
Figure 3.43
Figure 3.44
Figure 3.45

Figure 3.46

Stellenbosch University http://scholar.sun.ac.za

Meso pentad percentagaesntmm %) of Z8, Z9 and Z10 fractions

vs. TREF elution temperature.............cooeii i e, 65
Evolution of molecular weight of TREF fractions of Z8, Z9 and

Z10 vs. TREF elution temperature............cooveiiieiie i 66
Polydispersity data for the TREF fractions of samples Z8, Z9 and
00 e 67
Waterfall plot of the DSC melting endotherms for the TREF
fractions of sample Z9..........cooi i, 68
Evolution of melting temperatures { of TREF fractions of Z8,

Z9 and Z10 samples versus TREF elution temperature................ 68
Evolution of crystallization temperature JJTof Z8, Z9 and Z10

TREF fractions versus TREF elution temperature..................... 69
Degree of crystallinity of the TREF fractions of samples Z8, Z9

and Z10 versus TREF elution temperature................cccoevvveenn .. 69
Effect of molecular weight on the degree of crystallinity of the
TREF fractions of samples Z8, Z9 and Z10............................. 70
Effect of isotacticity on the degree of crystallinity of TREF
fractions of samples Z8, Z9 and Z10............cocviiiiiieinnnnn. 70
Typical X-ray diffraction pattern of different TREF fractions of the

Z10 SAMPIE . e 71
TREF curves of samples Z8, Z9 and Z10: (A) Wi%/and (B)
Distribution of weight percentage of Z4 and Z5 fractions vs.
elution temperature (°C)......ooviiiriie i 73
Isotacticity fmmmm %) of Z4 and Z5 fractions vs. TREF elution
EMPEIALIUIE. .. .o e 74
Evolution of molecular weight of TREF fractions of Z4 and Z5
samples vs. TREF elution temperature.............c.ccoviviiiiiiennn. 75
PD values of data for the TREF fractions of samples Z4 and

2 76
Evolution of melting temperatures ()l of TREF fractions of Z4

and Z5 samples versus TREF elution temperature..................... 76
Evolution of crystallization temperatureJTof Z4 and Z5 TREF
fractions versus TREF elution temperature................c.ccoeeenenes 77
Degree of crystallinity of the TREF fractions of samples Z4 and Z5
versus TREF elution temperature.............coocoiviiiiiiiiiiiicneenn, 77
Effect of molecular weight on the crystallinity degree of the TREF
fractions of samples Z4 and Z5............ccoovii i 78
Effect of isotacticity on the crystallinity degree of the TREF
fractions of samples Z4 and Z5..........cccooiiiiiiiiiici e, 78
Typical X-ray diffraction pattern of different TREF fractions of the

ZA4 SAMPIE ... 79

VIII



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 4
Figure 4.1 (A) rac-Et(IndypzZrCl, (El) and (B) rac-Et(Hsnd),ZrCl,
(S ) ) PP 84
Figure 4.2 Catalyst activities of ElI and EI(4H) in the presence of different
amounts of hydrogen...... ... 87
Figure 4.3 Dependence of the isotacticity of polypropylenes on the hydrogen
content for El and EI(4H) catalysts..........cccoooviii i, 88
Figure 4.4 Dependence of molecular weight of polypropylenes produced
using El and EI(4H) catalysts on the hydrogen content............... 89
Figure 4.5 Waterfall plot of the DSC melting endotherms for polypropylenes
produced using EI(4H) metallocene catalyst.............ccccccvvvvrvrrnnnnnee. 90
Figure 4.6 Molecular weights of polypropylenes produced with El and EI(4H)
catalyst versus melting temperatures..........cccccceeeevvieeeiiiciiien e, 91
Figure 4.7 Isotacticities of polypropylenes produced with El and EI(4H)
catalyst versus melting temperatures.............cccocovveiie i vinnennn. 91
Figure 4.8 Typical X-ray diffraction pattern recorded for polypropylenes
produced using (A) El catalyst and (B) EI(4H) catalyst............... 92
Figure 4.9 TREF curves of samples EIP14, EIP13 and EIP12: (A) Wi/
AN (B)ZWi 90,1ttt 24
Figure 4.10 Distribution of weight percentage of EIP14, EIP13 and EIP12
fractions vs. elution temperature (°C)........cccoviiiiiiiiiiiiineanas 95
Figure 4.11 The isotacticity ihmmm %) of EIP14, EIP13 and EIP12 fractions
vs. TREF elution temperature.............coooiiiiiiiiiii e, 96
Figure 4.12  Evolution of molecular weight of TREF fractions of EIP14, EIP13
and EIP12 vs. TREF elution temperature..............ccocovvvvveeennnn. 97
Figure 4.13 Waterfall plot of the DSC melting endotherms for the TREF
fractions of sample EIPL12.........cooiiiiiii e 99
Figure 4.14  Evolution of melting temperatures {J of the TREF fractions of
samples EIP14, EIP13 and EIP12 samples versus TREF elution
TEMPEIATUIE. ... e 99
Figure 4.15 Evolution of crystallization temperatureJTof EIP14, EIP13 and
EIP12 TREF fractions versus TREF elution temperature............. 100
Figure 4.16 Degree of crystallinity of the TREF fractions of samples EIP14,
EIP13 and EIP12 versus TREF elution temperature................... 100
Figure 4.17  Typical X-ray diffraction pattern of different TREF fractions of the
EIPL13 SamPIe. ...t e e e e e 101
Figure 4.18 TREF curves of samples D9, D8 and D7 (A): WA%h/and (B)
D IR RSO 102
Figure 4.19 Distribution of weight percentage of D9, D8 and D7 fractions vs.
elution temperature (°C)......oovviiiriie e 104
Figure 4.20 Isotacticity (mmmm %) of D9, D8 and D7 fractions vs. TREF
elution teMPErature. ... ....oov it e e 105
Figure 4.21  Evolution of molecular weight of TREF fractions of D9, D8 and

D7 samples vs. TREF elution temperature..............cccoccee v,



Stellenbosch University http://scholar.sun.ac.za

Figure 4.22  Evolution of melting temperature {J of TREF fractions of
samples D9, D8 and D7 versus TREF elution temperature............ 107
Figure 4.23  Evolution of crystallization temperatureJTof TREF fractions of
samples D9, D8 and D7 versus TREF elution temperature............ 107
Figure 4.24 Degree of crystallinity of TREF fractions of samples D9, D8 and
D7 versus TREF elution temperature.............ccccovevve e vnneennnn 108
Figure 4.25 Typical X-ray diffraction pattern of various TREF fractions of
SAMPIE DO oo 108
Figure 4.26 TREF curves of the commercial syndiotactic polypropylene
SAMPIE SPPL. .o 110
Figure 4.27  Syndiotacticity (rrr %) of SPP1 fractions vs. TREF elution
LEMPEIATUIE ... . e e e e 110
Figure 4.28 Waterfall plot of the DSC melting endotherms for the TREF
fractions Of SPPL.......oooii s 111
Figure 4.29 FTIR spectra of the TREF fractions of sample SPP1.................. 112
Figure 4.30 Typical X-ray diffraction pattern of different TREF fractions of the
SPPL SaMPI@.....eie e 113
CHAPTER 5
Figure 5.1 Schematic diagram of SCALLS.......c.coiii i, 118
Figure 5.2 Setup used for SCALLS analysis..........ccocovviiiiiiiiineeen, 119
Figure 5.3 DSC thermograms of selected TREF fraction blends: (A) and (B)
polymers with same tacticities but different molecular weights
produced by heterogeneous catalysts............coceveviiiiiiiiinn i, 121
Figure 5.4 DSC thermograms of selected TREF fraction blends: (A) and (B)
polymers with the same molecular weights but different tacticities
produced using heterogeneous catalysts...............ccovevvee e enn e, 123
Figure 5.5 DSC thermograms of the Z8(100)/Z9(100) blend at different
heating ratesS. .. .o 123
Figure 5.6 MDSC heat flow curves of the Z8 (100)/Z9 (100) blend.............. 125
Figure 5.7 DSC thermograms of selected TREF fraction blends: (A) and (B)
polymers with same tacticities but different molecular weights
produced by homogeneous metallocene catalysts...................... 126
Figure 5.8 DSC thermograms of selected TREF fraction blends: (A) and (B)
polymers with the same molecular weights but different tacticities
produced using homogeneous metallocene catalysts................... 127
Figure 5.9 SCALLS profiles of cooling (A) and heating (B) of sample Z15
(concentration 0.5 mg/ml, cooling at 1 °C/min and heating at 1.5
S MmN e e e 129
Figure 5.10 SCALLS profiles of cooling (A) and heating (B) of sample Z2

(concentration 0.5 mg/ml, cooling at 1 °C/min and heating at 1.5
RO 11 1110 ) P 130



Stellenbosch University http://scholar.sun.ac.za

Figure 5.11 SCALLS profiles of cooling (A) and heating (B) of sample D9

(concentration 0.5 mg/ml, cooling at 1 °C/min and heating at 1.5

RO L2211 o ) P 130
Figure 5.12 SCALLS profiles of cooling (A) and heating (B) of a blend (50/50

Wt %) Of Z2 and Z15.......oooiiii 131
Figure 5.13 SCALLS profiles of cooling (A) and heating (B) of a blend (50/50

Wt %) Of Z12 and Z16......ccoieiiii i 131
Figure 5.14 SCALLS profiles of cooling (A) and heating (B) of a blend (50/50

Wt 90) Of Z3 aNd Z17......oiii i 132
Figure 5.15 SCALLS profiles of cooling (A) and heating (B) of a blend (25/75

wt %) of Z4 and SPP1 (concentration 0.5 mg/ml, cooling at 0.5

°C/min and heating at 1.5 °C/MiN)..........ccoovviiiiiiiiiie e, 134
Figure 5.16  SCALLS profiles of cooling (A) and heating (B) of a blend (25/75

wt %) of Z3 and SPP1 (concentration 0.5 mg/ml, cooling at 0.5

°C/min and heating at 1.5 °C/min)..........coov i 134
Figure 5.17 SCALLS heating profiles of samples Z15 and Z8..................... 135
Figure 5.18 Distribution of weight percentage of Z15 and Z8 fractions vs.

tEMPEratUIe (PC) ... ettt e e e e 136
Figure 5.19 Comparison of SCALLS cooling (A) and heating (B) to

CRYSTAF and TREF of sample Z4 ...........ccoooviiiiiiiiiiie 137
Figure 5.20 Comparison of SCALLS cooling (A) and heating (B) to

CRYSTAF and TREF of sample EIP 14 ..o, 137
Figure 5.21 Comparison of SCALLS cooling (A) and heating (B) to

CRYSTAF and TREF results for the syndiotactic polypropylene

SAMPIE SPPL. ..o 138
Figure 5.22  Comparison of SCALLS heating to TREF results of sample Z16... 140
CHAPTER 6
Figure 6.1 Optical micrographs of isotactic polypropylene fractions: A) Z5

(120), B) Z4 (120) and C) Z9 (110) (magnification: 5 %)10...... 148
Figure 6.2 Optical micrographs of isotactic polypropylene polymers: A) Z5,

B) Z4 and C) Z14 (maghnification: 5 X 90............coeeeeeevnennnn, 148
Figure 6.3 Optical micrographs of isotactic polypropylene fractions and their

blend: A) Z5 (120), B) Z4 (120) and C) Z5(120)/24(120) blend

(Magnification: 5 X 18).......coeeieeeee e e 149
Figure 6.4 Optical micrographs of: A) isotactic polypropylene Z5, B) SPP1

and C) Z5/SPP1 (magnification: 5 X2L0........cceeeeeeeeeeeeeeenne., 149
Figure 6.5 SEM micrographs of isotactic polypropylene fractions: A) Z5

(120), B) Z4 (120) and C) Z9 (110) (3000x magnification).......... 150
Figure 6.6 SEM micrographs of isotactic polypropylene polymers: A) Z5, B)

Z4 and C) Z14 (3000x magnification)...........ccoeveiiiniieie e 151
Figure 6.7 SEM micrographs of isotactic polypropylene fractions and their

blend: A) Z5 (120), B) Z4 (120) and C) Z5(120)/24(120) blend
(3000x MAgNIfICatiON).......oveie e e e e e e e 152

Xl



Figure 6.8

Figure 6.9

Figure 6.10
Figure 6.11
Figure 6.12
Figure 6.13
Figure 6.14
Figure 6.15
Figure 6.16
Figure 6.17
Figure 6.18
Figure 6.19

Figure 6.20

Stellenbosch University http://scholar.sun.ac.za

SEM micrographs of: A) Z5, B) SPP1 and C) Z5/SPP1 blend

(3000x MAagNIfiCAtION)......... v e 152
The effect of molecular weight and molecular weight distribution

on the crystallinity of the isotactic polypropylene polymers.......... 153
The combined effect of molecular weight and isotacticity on the
crystallinity of the isotactic polypropylene polymers.................. 154
The combined effect of molecular weight and crystallinity on the
microhardness of the isotactic polypropylene polymers............... 155
The combined effect of molecular weight and isotacticity on the
microhardness of the isotactic polypropylene polymers............... 155

Storage modulus curves as a function of temperature for isotactic
polypropylene samples with various molecular weights...............
Tan & curves as a function of temperature for isotactic
polypropylene samples with various molecular weights............ 159
The magnitude of the area of tH&transition for isotactic
polypropylene samples with various molecular weights............ 159
Storage modulus curves as a function of temperature for isotactic

158

polypropylene samples with various isotacticities...................... 160
Tan & curves as a function of temperature of isotactic
polypropylene samples with various isotacticities.................... 161
The magnitude of the area of thgtransition of isotactic
polypropylene samples with various isotacticities.................... 161

Storage modulus values as a function of temperature for a 50/50
wt% blend of two different isotactic polypropylene samples.........
Storage modulus values as a function of temperature for a 50/50
wt% blend of isotactic and syndiotactic polypropylene
SAMIPIES ..ttt e 162

162

Xl



CHAPTER 2
Table 2.1 Development of Ziegler-Natta catalyst systems........................ 14
CHAPTER 3
Table 3.1 Results of propylene polymerizations carried out with DPDMS,
MPDMS and various concentrations of hydrogen...................... 41
Table 3.2 TREF fractionation data for the fractions of samples Z13, Z15 and
A P 51
Table3.3  GPC,"®C NMR and DSC results of fractionation data of 213, Z15
and Z16 SamMPIES.......ouii i 53
Table 3.4 TREF fractionation data for the TREF fractions of samples Z8, Z9
AN ZL0. . e 62
Table 3.5 GPC,*C NMR and DSC results of fractionation data of Z8, Z9
ANd Z10 SAMPIES. .. it 65
Table 3.6 TREF fractionation data for the TREF fractions of samples Z4 and
2D 72
Table 3.7 GPC,**C NMR and DSC results of fractionation data of Z4 and Z5
RS2 1 1] 11 74
CHAPTER 4
Table 4.1 Results of propylene polymerizations carried out with EI and
EI(4H) catalyst systems using various concentrations of hydrogen.. 86
Table 4.2 TREF fractionation data for the fractions of samples EIP14, EIP13
and EIP L2, ... 94
Table 4.3 GPC,™C NMR and DSC results of fractionation data of samples
EIP14, EIP13 and EIP12 ... e, 96
Table 4.4 TREF fractionation data of the TREF fractions of samples D9, D8
AN D7 . 102
Table 4.5 GPC,™C NMR and DSC results of fractionation data of samples
Z8,79 aNd Z10 ..ot 104
Table 4.6 Data of the commercial syndiotactic polypropylene sample
S P L. e —————————————— 109
Table 4.7 Fractionation and related data of SPP1............ccccoviviiiiiiiininn, 109

Stellenbosch University http://scholar.sun.ac.za

List of tables

X1l



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 5

Table 5.1 GPC, NMR and DSC results of different TREF fraction blend
polymers with the same tacticities but different molecular weights,
produced using heterogeneous catalysts................cccevvieieenn .. 120
Table 5.2 GPC, NMR and DSC results of different TREF fraction blends
with the same molecular weights but different tacticities, produced
using heterogeneous catalystS...........ccovvviiiiiii i 122
Table 5.3 GPC, NMR and DSC results of polypropylene TREF fraction
blends with the same tacticities but different molecular weights,

produced using metallocene catalystS.............cooevviiiiiiiininnnn. 125
Table 5.4 GPC, NMR and DSC results of polypropylene TREF fraction
blends the with same molecular weights but different tacticities..... 127
Table 5.5 Characterization data of the polypropylenes used in this study........ 129
Table 5.6 SCALLS heating weight fractions data of the isotactic
polypropylene samples Z15and Z8...........cccocveiiii i e e, 135
Table 5.7 Comparison of the SCALLS heating and TREF weight fraction
results of the isotactic polypropylene sample Z4....................... 139
Table 5.8 Comparison of the SCALLS heating and TREF weight fraction
results of the isotactic polypropylene sample Z16...................... 139
Table 5.9 Comparison of the SCALLS heating and TREF weight fraction
results of the syndiotactic polypropylene SPP1......................... 141
CHAPTER 6
Table 6.1 Characterization data of the polypropylenes used in the
morphological StUdY..........cooiiii 147
Table 6.2 MH results of different polypropylene blends (50/50 wt %).......... 156

XV



Stellenbosch University http://scholar.sun.ac.za

List of schemes

CHAPTER 2

Scheme 2.1 Insertion of a propylene monomer to a Zr-Me bond................... 20

Scheme 2.2 Primary and secondary insertion of a propylene monomer in the
metal-carbon bond............coiiiii 21

Scheme 2.3 2,1- and 1,3-insertions for propylene polymerization.................. 21

XV



Stellenbosch University http://scholar.sun.ac.za

List of publications

> Fractionation and Crystallization of Isotactic Poly(propylenes) Prepared with a
Heterogeneous Transition Metal Catalysts (Ismael Amer, Albert van Reenen/ Macromol.
Symp. 2009, 282, 33-40)

> An investigation of the effect of chain length on stereo-regulation with C2
symmetric metallocene catalysts (I. Amer and A. van Reenen/ Submitted to Polymer
Bulletin, 2010)

> Use of a Turbidity Analyzer for Studying the Solution Crystallization of Different
Polypropylenes (Ismael Amer, Albert Van Reenen, Margaretha Brand/ Submitted to
Polymer, 2010)

XVI



AlR;
BHT
B

CEF
Cp
CRYSTAF
DMA
DSC
DPDMS
Ch

e

-

ED

El
El(4H)
Fe(Cp}
FT-IR
g

GC
HDPE
HT-GPC
Kp

L

MAO
MDSC
MH

MH,and MH

MHp
M

mmmm %
MPDMS
Mt
M

w

MWD
NC
NMR
NR

OM
p-TREF
PVC

R
SCALLS
SCBD

Stellenbosch University http://scholar.sun.ac.za

List of abbreviations

alkyl aluminium
2,6-di-tert-butyl-4-methylphenol
benzene

crystallization elution fractionation
cyclopentadienyl

crystallization analysis fractionation
dynamic mechanical analysis
differential scanning calorimetry
diphenyldimethoxysilane

down

Storage modulus

loss modulus

external donor
rac-ethylene-bis(indenyl) zirconium dichloride

rac-ethylene-bis(4,5,6,7-tetrahydro-1-indenyl) zirconium dichloride

ferrocene

fourier-transform infrared spectroscopy
gauche

gas chromatography

high density polyethylene
high-temperature gel permeation chromatography
propagation constant rate

left-handed

methylaluminoxane

modulated differential scanning calorimetry
microhardness

hardness of the single components
hardness of the blend

number average molecular weight

pentad mole percentage
methyl-phenyl-dimethoxysilane
metal

weight average molecular weight

molecular weight distribution

nitrocellulose

nuclear magnetic resonance spectroscopy

natural rubber

optical microscopy

preparative temperature rising elution fractionation
polyvinyl chloride

right-handed

crystallization analysis by laser light scattering
short chain branching distribution

XVII



W%/AT
W,

W%
X%

a

ai

o>

B

AH?

AT

Y

¢
W%
26

Stellenbosch University http://scholar.sun.ac.za

size exclusion chromatography
scanning electron microscopy
syndiotactic polypropylene

helix trans

damping coefficient or damping ratio
crystallisation temperature
trichlorobenzene

elution temperature
triethylaluminium

glass transition temperature

melting temperature
trimethylaluminium

temperature rising elution fractionation
wide angle X-ray diffraction
differential weight fraction to temperature
weight fraction

weight fraction percentage
crystallinity percentage

alpha phase

disordered alpha phase

ordered alpha phase

beta phase

heat of fusion

difference in temperature

gama phase

weight fraction of component
accumulative weight fraction

bragg angle

XVII



Stellenbosch University http://scholar.sun.ac.za

CHAPTER 1

Introduction and objectives

1.1 General introduction

During the past two decades, isotactic polypropylenes have received increasing attention due
to their attractive physical, mechanical and, more importantly, cost-effective properties. The
characteristics of isotactic polypropylenes depend greatly on the type of catalyst used in the
polymerization of the propylene monomer. The most common catalysts used in the
polymerization are the Zigler-Natta and metallocene types. The heterogeneous Ziegler-Natta
catalyst was developed in the early 19865Polypropylene is formed by insertion of the
monomer at the transition metal-carbon bonds after initial coordination of the monomer by the
transition metal. The recently developed metallocene type catalyst is a combination of
stereorigid metallocenes of the transition metals with methylaluminoxane (WAO).
Metallocene type catalysts have single active sites leading to better control of molecular
weight distribution as opposed to multiple catalytic sites in Ziegler-Natta catafjsts.
Isotactic polypropylenes made using metallocenes display narrower molecular weight and

have fewer defects than the polymers made using Ziegler-Natta type catalysts.

The crystallization of polyolefins is an important parameter determining the properties of the
material. For stereoregular isotactic polypropylenes the most important factor affecting
crystallization and melting behaviour arises from their subtle structural differences. The
effects of molecular weight® molecular weight distributidl and tacticitf ' on the
crystallization have been investigated by several authors. Results indicate that the linear
growth rate of crystals markedly decreases with increasing molecular \ﬁbﬁgmthe overall
crystallization rate might increase because an increasing number of intramolecular folded-
chain nuclei could result in a higher nucleation der8ifor samples with similar molecular
weights and different tacticities the linear crystal growth rate might increase by three orders of
magnitude when the isotacticignfimm %) of isotactic polypropylene increases from 78.7 to
98.8%° The degree of crystallinity of isotactic polypropylene is commonly in the range of
40 to 7094 Atactic polypropylene, on the other hand, is considered uncrystallizable, since
the chain structure lacks regularity. Isotactic polypropylene can crystallize in three different

crystal forms, depending on the polymer structure and the crystallization conditions: the



Stellenbosch University http://scholar.sun.ac.za

form with a monoclinic, theg~form with an orthorhombic, and tfgform with a hexagonal

unit cell*3!

Most commercial isotactic polypropylenes can, for practical purposes, be regarded as blends
of materials differing with respect to molecular weight, molecular weight distribution and

(14181 The molecular make-up of isotactic polypropylenes will differ, which will, in

tacticity.
turn, affect the crystallization and melting behaviour of these polymers. The use of
preparative temperature rising elution fractionation (p-TREF) allows the characterization of a
given isotactic polypropylene in terms of molecular mak&-{iThe use of p-TREF also
allows for the isolation of fairly well-defined isotactic polypropylene fractions of a given
molecular weight and tacticity, which, in turn, allows for the more detailed study of, for

example, crystallization behaviour of such materials.

1.2 Objectives

This study mainly focuses on the effect of molecular weight on the crystallization of
polypropylenes produced using different types of catalysts, and under different reaction

conditions:

» Polypropylene produced by Mg&upported Ziegler-Natta catalysts with two
different external donors, diphenyldimethoxysilane (DPDMS) and methyl-phenyl-
dimethoxysilane (MPDMS).

» Polypropylene produced by two different types of isospecific Sgmmetric
metallocene catalystsac—ethylene-bis(indenyl) zirconium dichloride, Et(InggrCl,

(El), and rac—ethylene-bis(4,5,6,7-tetrahydro-1-indenyl) zirconium dichloride,
Et(H4Ind)ZrCly (EI(4H)).
» Molecular hydrogen was used to control the molecular weight during these

polymerization reactions.

In order to establish a correlation between the molecular weight and the crystallization of
these polymers, the following were carried out. First, fractionation of the materials according
to their crystallizability was performed by means of temperature rising elution fractionation
(TREF), which affords the opportunity for blending materials of differing molecular weights

but similar symmetry.

Second, blending studies of these fractions with respect to the similarities and the differences
in their structure (molecular weight and tacticities) were performed. Third, the bulk and

solution crystallization behaviour of the blends were investigated using differential scanning

2
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calorimetry (DSC) and solution crystallization analysis by laser light scattering (SCALLS)
analyses respectively. Finally, morphology and mechanical properties on different
homopolymers and blends were investigated to determine the effect of the molecular structure
on these properties.

=
w
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CHAPTER 2

Historical and theoretical background

2.1 Polypropylene

2.1.1 History

Polypropylene was discovered in the early 1950s. In 1953 Ziegler discovered that
polyethylene could be prepared using a mixture of metal salts and transition metdl salts.
Giulio Natta succeeded in preparing polypropylene using the Ziegler catalyst and was able to
obtain and characterize isotactic polypropylene by fractionation. In 1957 polypropylene was
taken into commercial productiézh‘f] Since then major developments in the production and
applications of polypropylenes have occurred. The polymer yield of the catalyst (the so-called
Ziegler-Natta catalyst) has increased enormously from 0.8 kg/gram catalyst to more than 100
kg/gram catalyst, along with a significant increase in isotacticity, over four different
generations of the Ziegler-Natta catalyst system. Moreover, polypropylene proved to be not
only highly isotactic, but also highly syndiotactic, perfectly atactic, and even as a

divertissement hemiisotactit®!

2.1.2 Polypropylene configurations

Polypropylene is a very common semi-crystalline polymer that is finding increasing use in
modern technological applications. The polypropylene chain resulting from the head-to-tail
addition of propylene monomers can have three different configurations: the regular isotactic,
the regular syndiotactic and the irregular atactic configurations, which are classified based on
the arrangement of the methyl groups with respect to the polymer backbone. In the extended
isotactic polypropylene chain all methyl groups are on the same side of the plane formed by
the main chain carbon atoms. In the syndiotactic polypropylene the methyl groups are
arranged alternating on both sides of the plane. In the atactic configuration the methyl groups
are positioned randomly on both sides along the polymer Ehaine three configurations of

the polypropylene are illustrated in Figure 2.1.
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Figure 2.1: Schematic illustration of the stereochemical configurations of polypropylene: a) isotactic, b)
syndiotactic, c) atactic.

2.1.3 Polypropylene conformations and crystal structures

None of the configurations of polypropylene exist in an extended conformation. The chain
assumes a helical structure in order to relieve the steric hinderance, which is caused as a result
of the presence of methyl groups along the chain backbone, in order to achieve an energy

minimum.

The polymer chain of isotactic polypropylene adapts the conformation of a three-folded chain
2x3/1 helix trans(t)-gauche(g), with a repeat distance of 6.5 A. This conformation leads to the
lowest intramolecular interaction energy of the methyl groups attached to the polypropylene
chain® The isotactic polypropylene helix exhibits four different chiralities. Both right-
handed (R) and left-handed (L) helices are based on the helix direction, which can be up or
down, depending on the methyl group orientation. Figure 2.2 illustrates the four possible
chain conformations of isotactic polypropyleéfleSyndiotactic polypropylene exhibits three
different chain conformations: the planar zigzag chain (tt), the (4x2/1) hgp2({where t

and g indicate bonds itrans and gauche conformation, respectively) and thegtt.g,)

conformation, which is an intermediate between the planar zigzag and the helix form. The
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helix conformation leads to the lowest interaction energy between the methyl Gloups.
Atactic polypropylene with a random arrangement of the methyl groups along the polymer

chain leads to random conformations.

L dw R dw L up R up

Figure 2.2: Chain conformations of isotactic polypropylene. Right (R)- and left (L)-handed helices in their

up (up) and down (dw) configurationst”

2.1.4 Crystallinity and polymer structure

Both the crystallization behaviour and crystal form of the polymer are strongly affected by the
configuration (tacticity) and conformational structure of the polypropylene chain. Isotactic
and syndiotactic polypropylene can crystallize. The degree of crystallinity is usually in the
range 4670% and depends on the level of the tacticity of the polythestactic
polypropylene is considered as uncrystallizable, since the chain structure lacks regularity. The
syndiotactic polypropylene chains form either an orthorhombic unit cell if they haxg)a (t

or a planar zigzag conformation and triclinic unit cell with thep(tg,) conformatiort”
Isotactic polypropylene can crystallize in three different crystal forms depending on the

polymer structure and the crystallization conditions:ctiferm with a monoclinic, thg-form

6
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with an orthorhombic and tf:form with a hexagonal unit cét’

2.2 The crystalline structure of isotactic polypropylene

2.2.1 Thea-phase of isotactic polypropylene

The most common crystal form in isotactic polypropylene is dhghase, which has a
monoclinic crystal structure. Thex-phase was the first to be discovered and
characterize#?*® This crystalline form is observed for both melt and solution crystallized

samples prepared under atmospheric pressure.

The a-phase of isotactic polypropylene is described by an alternation, in the b-axis direction,
of layers parallel to the ac-plane and composed of only left-handed (L) or right-handed (R)
helices, indicated in Figure 2.3 by white and gray triangles, respectively. The location of the
methyl groups in both the left- or right-handed helix can be placed ‘up’ or ‘down’ (up or dw)
(see Figure 2.2 for a helix with ‘dw’ position of the methyl groups). Due to the possibility of
the chains to be positioned ‘up’ or ‘down’, two limitirmrphases (1: disordered02:
ordered) are formed (see Figure 2.3). The order2¢phase (Figure 2.3, right) can be
obtained by recrystallizing or annealiﬁﬂ.These two forms can be distinguished via detailed
X-ray analysis at high diffraction anglés.Samples existing essentially in thé form show

a double melting peak upon slow heating in DSC experinférféin contrast, a sample near
thea2 form only displays a narrow single melting peak. The double melting can be explained
as a disorder-order transition if the heating rate allows partial melting of the miateTiaé

partial melting is needed for recrystallization of thé- into the a2- phase. In highly
stereoregular samples the double melting is also associated with the melting of the daughter

and the mother lamellae, respectivefy.

The monoclinic unit cell has the following paramstex = 6.65 A, b = 20.96 A, ¢ =6.5 A and
B = 9.62°1°% The overall density is 0.946 g/mol (room temperatifeYhe value of the
thermodynamic equilibrium melting point 47) of the a-phase has been studied by many
researcherg” Tm° was found to be between 185 and 209 °C. The variation,bfsTrelated

to the different techniques used to measure it. The results of the heat of #iGh (
measurements are also scattered. Data obtained from calorimetry show vAlHgs=08.7 +
0.8 kJ/mol, while the values obtained from the melting point depression by diluAs s

9.1 + 1.6 kJ/mol. Recently, a value/fi® = 8.7 kJ/mol was adoptéd!
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Figure 2.3: Two limiting forms of the a-phase. Left:al; Right: a2. The horizontal arrows
indicate the projection of the a-axis, the vertical arrow indicates the b-axis. The c-axis is

perpendicular to the plane of view?!

2.2.2 Thep-phase of isotactic polypropylene

The B-form of isotactic polypropylene was first reported by Padden and Keith in!%959.
Under suitable crystallization conditions (shear, large temperature gradients, or fise of
nucleating agents like quinacridofid,the anhydrous calcium salt of suberic défand

other agents), polypropylene samples with a high content @ giase can be obtain&d>®

In samples that have been subjected to high shear in the mephase can also be
found®® The B-phase has a trigonal unit cell (see Figure 2.4) with lattice parameters a = b =

11.0 A, ¢ = 6.5 A = 120° andh = g = 90°!19:24.26-28]

</
k>
'«
<
>

Figure 2.4: Schematic representation of the arrangement of isotactic polypropylene helices in wphase.

The arrows indicate the b-axes. The c-axis is perpendicular to the plane of view.
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The thermodynamic properties of tBegphase have not been as comprehensively studied as
those of thea-phase. Thg3-phase is metastable relative to th@hase (T, 0155 °C versus

180 °C). The equilibrium melting temperature of the crystalg)(fanges from 170 to 200

°C . The values oAAH;° vary from 4.76 to 7.45 kJ/mé&}”’

2.2.3 They-phase of isotactic polypropylene

The y-phase is usually associated with thyphase, although individual single crystals of the
y-phase have also been obser8dThe y-modification may be formed in degraded, low
molecular weight isotactic polypropylene and in samples crystallized under high pr&sures.
%2 Significant amounts of themodification were also obtained under atmospheric pressure,
both in systems with low tacticity or polymers made by homogeneous metallocene
catalystd?>*¥ The value of the thermodynamic equilibrium melting poinf, Bf they-phase

is 187.2 °C and the value of the heat of fugidh° = 6.1 kJ/mol*3

~ PP
=i Pt B
Lo

LBl

Figure 2.5: Schematic representation of the arrangement of isotactic polypropylene helices in
[32-34]

the y-phase®

The crystalline structure of themodification was first denoted as tricliffé*' It was shown

that the structure is orthorhombic, with parameters a = 8.54 A, b = 9.93 A and ¢ = 4%41 A,
with the above-mentioned triclinic cell as a sub-E8lThe structure is composed of sheets of
parallel chains, in which the molecular orientation in adjacent sheets is inclined to one another

at an 80° angl€” In this unit cell the c-axis is not parallel to chain axis direction.
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2.3 The crystalline structure of syndiotactic polypropylene

Syndiotactic polypropylene was first synthesized in the early 1960s by &latt&®>° using
Ziegler-Natta catalysts, but the resulting polymer contained a large number of regio-defects
(e.g., head to head/tail to tail type defects), even when a fair level of syndiotactic content was
obtained. A much better syndiotactic polypropylene was successfully synthesized in 1988 by
Ewenet al.*” using a new metallocene catalyst. The new catalyst systems made it possible to
produce syndiotactic polypropylene with much improved purity and yields, which led to
renewed interest in scientific research and industrial applicafioiis. Syndiotactic
polypropylene has a very complex crystal structure. The studies performed in the early 1960s
on regioirregular and poorly syndiotactic polypropylene samples prepared with the vanadium-
based Ziegler-Natta catalysts had already shown the existence of polymdrpfigfiTwo
different crystalline forms, characterized by macromolecular chains having different
conformations, were described at that time. Generally, the most stable form is when the chains
present a two-fold helical conformation, with s(2/1)2 symn¥&tf§/ (the sequence of torsion
angles along the backbone is (ttgd¥*****®The less stable form is characterized by chains

in trans-planar conformation ancht symmetry, with a sequence of torsion angles of the kind
(tttt),.*”) The two-fold helical and trans-planar conformations of syndiotactic polypropylene

chains are shown in the Figure 2.6.

Four different polymorphic crystalline forms (shown in Figure 2.7) and a disordered
mesomorphic form have been found so far. They have been called forms I, Il, lll and IV,
despite the chronology of their discovery, but only considering that form | is the most stable
and common form (even though it was discovered a while after folfft! While forms I1I

and IV are the less stable forms observed only in oriented 2t$2 This nomenclature

has been proposed by De Rasal.*® and is nowadays commonly accepted. Form | and
form Il are characterized by chains in s(2/1)2 helical conformation packed in different
orthorhombic crystalline lattices (Figure 2.7 A and B, respectively), form Ill presents polymer
chains in the trans-planar conformation witmtsymmetry (Figure 2.7 C) and, finally, form

IV is characterized by chains iggit.g, conformation (Figure 2.7 D).

10
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1

s(2/1)2 helix trans-planar £0:t20,
A B C

Figure 2.6: Conformations of chains of syndiotactic polypropylene in the different crystalline polymorphic
forms. Helical (ttgg), conformation with s(2/1)2 symmetry (A), trans-planar conformation with tm

symmetry (B) and tgt,g, conformation with t2 symmetry (C) ¥

2.4 Molecular weight effects on crystallization

The molecular parameters that are commonly considered to characterize polypropylene and
largely determine its physico-chemical and processing properties are molecular weight,
molecular weight distribution, and tacticl) The effect of molecular weight on the
crystallization during the fractionation has been largely disregarded in the past. Beirfield
al.®"! found correlations between both crystallization, and melting properties and isotacticity,
in the same study. Molecular weight also had some influence on crystallization and melting
temperatures, especially melting temperature, which increased with increasing molecular
weight. Wildet al.®® studied the possibility of molecular weight effects on TREF seperations.

It was found that at low molecular weights (<10 000 g/mol) there is a significant molecular
weight dependence on separation. According to Martuseteli.®*®°! molecular weight
distribution affected the crystallization rate. However, tacticity was one of the main factors
determining this property. Later, Janimak and offfe¥8 utilized polypropylene fractions

with similar molecular weights and molecular weight distributions but different isotacticities

to examine the influence of isotacticity on the crystallization behaviour.

11
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Figure 2.7: Limit ordered models of packing of form | (A), form Il (B), form Il (C) and form IV (D) of
syndiotactic polypropylene. R:right-handed helix, L:left-handed helix®®

Solvent/non-solvent systems are also used in fractionation experiments. Lehtinen and
Paukkerf® investigated the fractionation of isotactic polypropylene and polyethylene by

solvent/non-solvent systems. Fractionation, when using a xylene/ethylene glycol monoethyl
ether solvent/non-solvent system, occurred due to molecular weight for polyethylene.
Polypropylene was fractionated according to isotacticity first, and when a constant tacticity
was reached, was separated according to molecular weight. Fractionation occurred only
according to molecular weight when ethylene glycol monobutyl ether/diethylene glycol

monobutyl ether was used as a solvent/non-solvent system. Xu an®Fengdied the

12
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characterization of isotactic polypropylene produced using a supported metallocene catalyst
by TREF and various other techniques. TREF fractionates according to crystallinity and both
molecular weight and isotacticity influence crystallinity. It was observed that the viscosity-
average molecular weight of the fractions obtained by TREF increased with increasing elution
temperature. The melting temperature, on the other hand, only increased in the first seven
fractions and remained constant for the last six fractidP®:NMR showed that the
isotacticity increased in the first seven fractions but remained constant for the last six
fractions. Consequently, it was concluded that the main factor influencing fractionation in the
first seven fractions was isotacticity. However, as soon as tacticity remained constant, as in
the case of the last six fractions, molecular weight became the main factor influencing
crystallinity and thus the fractionation. Recently, Arranz-Andtés.®”) studied the effect of
isotacticity and molecular weight on the properties of isotactic polypropylene made using
metallocene catalysts. They concluded that the most important factors affecting the structure
and properties of these polymers are those that lead to an increase of crystallinity.
Accordingly, they found that the isotacticity degree has a greater effect on the crystallinity
than the molecular weight effect. In contrast, a clear molecular weight effect has been found

for the sample with lowest molecular weight.

2.5 Ziegler-Natta catalysts

2.5.1 Background

Since the 1950s, polyolefins have been produced using Ziegler-Natta catalysts. These
catalysts are based on the work of Karl Ziegler and Guilio Natta, which jointly won them the
Nobel Prize for Chemistry in 1963. These catalyst systems allow for the production of
specific polyolefins, such as linear unbranched polyethylene and isotactic polypropylene. Free
radical vinyl polymerizations can only produce branched polyethylene and can not be used in
the production of propyler&®® The zZiegler-Natta catalyst has joined the ranks of
conventional cationic, anionic and radical initiators as one of the common methods available
to initiate polymerizations, and it is doubtful that it can be challenged by any other catalyst for
its versatility. Ziegler-Natta catalysts became prominent in a special period in the history of
polymer science, a period that not only produced many new commercial polymers but also
improved our basic knowledge of polymer properties and structure as well as polymerization
processe?.] Using these catalysts Natta and coworkers polymerized propylene to isotactic

polypropylene. They discovered the principles of the regio- and stereospecific polymerization

13
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§97% The process used to synthesize isotactic polypropylene was transferred into

of 1-alkene
a industrial process within a few years because polymers with new properties were
obtainablé’™ These catalysts can also be used for the copolymerization of ethylene and

propylene to produce ethylene—propylene elastoragan, these were new polymé&rs.

The evolution of Ziegler-Natta catalysts can be categorized into four main generations as
tabulated in Table 2.1. A large increase in productivity results from the use of generation Il
catalysts, (catalysts supported on a support). The optimizations of supporting protocols have
led to a largely experimental understanding of these systems. The developed catalysts have
multiple types of titanium sites, yielding ill-defined materials. The mechanisms and structure-
property relationships are not well understood. Furthermore, these catalysts are not able to

polymerize functional monomef<s!

Table 2.1: Development of Ziegler-Natta catalyst systems

_ _ Productivity o
Generation Time range Catalyst | Isotacticity
(kg PP/g Ti)
I 1950-1970 TiCl3/AIEt,CI 5 90
1] 1950-1970 TiCllisoamyl ether/AIG/AIEL.CI 15 95
11 1970-1990 MgCy/ester/TiCl/AlEts/ester 300 92
v 1990- MgCl/ester/TiCl/AIEts/PhSi(OELt) 600 98

2.5.2 Ziegler-Natta catalyst systems

Ziegler-Natta catalyst systems are generally based on a titanium chloride complex, for
example titanium trichloride (Tig) or titanium tetrachloride (TiG), and an alkyl aluminium
species, such as triethylaluminum. One of the main difficulties associated with these systems
is the determination of the exact active species. It does appear certain the active catalytic sites
are not simple coordination adducts formed from the titanium halide and the alkylaluminum.
An “activation” period, in which the titanium and aluminum species are mixed together
before the addition of monomer, is often needed before the system reaches its highest activity.
A number of complex reactions are proposed to take place during this activation period,
resulting in the formation of a highly active species. Among these reactions contain an
exchange of substituent groups between the two metals to form titanium-carbon bonds, such

as shown in Equations A and B. The organotitanium complexes formed in this stage are
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unstable and can undergo further reductive decomposition processes, as can be seen in
Equations C and D. Radicals formed during theses processes might be removed by

combination, disproportionation, or reaction with solvent.

AIR; + TiCl, - = RLAICI + RTIiCly (A)
RAICI + TiCl, == == RAICI, + RTiC G)
RTiCly - = R+ TiCk (©)

R,TICly — = R+ RTICb (D)

The exact mechanism for olefin addition is still not completely understood. Two general
mechanisms have been proposed; one involves the coordination of the olefin to a vacant site
on the transition metal and the other one suggests participation by both the transition metal

and the aluminum species.

A problem of the early Ziegler-Natta systems was their low productivity. Large amounts of
catalyst were necessary to achieve acceptable yields of polymer. It was however found that by
impregnating a solid support (such as MgGt MgO), the activities of the system were
considerably increased. The exact mechanism for this increase is not entirely clear. It is
presumed the support maximizes the number of active sites on the surface. Researchers have
shown that increasing the number of surface defects in the magnesium support increases the
activity of the resulting cataly€t! It has been suggested that the active titanium chloride
species “sits” in small crevices and cracks in the surface, whereas the inactive species are

more likely to be bound to the surfdé®.

2.5.3 Lewis donors in Ziegler-Natta catalyst systems

Over the years, Ziegler-Natta catalysts have evolved from simplg Ti¢dtals into the
MgCI,/TiCls/donor systems used today, where the donor is a Lewis base that can be added
during catalyst preparation (the so-called internal ddféHAmong donors, 1,3-diethels!
aromatic esters (benzoates and phthalates in parti@land, recently, aliphatic esters
(succinates in particular) have been shown to be particularly effécti@atalyst activation
requires the addition of alkylating reducing species (Al&generally used), possibly mixed
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with a second electron donor (the so-called external donor (ED)), usually an alkoxysilane or,
more recently, a succinate. The resulting active system is of extreme chemical complexity,
and the polypropylenes obtained present very different prop@ﬂié‘ﬂe nature of the added
Lewis bases is fundamental in terms of catalyst performance, since it can effectively modify
the tacticity and molecular weight distribution of the produced polypropyl€Hesit has

been suggested that the Lewis bases stabilize small primary crystallites of Amgiir to
influence the amount and distribution of T{@1 the final catalyst. The donor has to compete
with TiCl, to coordinate on the Mgg&lsurfaces, possibly inducing formation of the more

stereoselective sites.

2.6 Metallocene catalysts

2.6.1 Historical background

The discovery in the 1980s of effective homogeneous transition metal catalysts for olefin
polymerization is probably one of the most significant advances in polymer synthesis. The
development of group 4 metallocene catalysts not only improved the control over the
properties of polyolefins but also made it possible to synthesize new types of polyolefins.
Numerous studies have been carried out on the structure and properties of the polyolefins
resulting from the advances in catalyst technol8§he first metallocene was discovered in
1951 in the form of ferrocene, Fe(GE)® as is shown in Figure 2.8. The sandwich structure

of ferrocene was formulated in 1952 by Wilkinsen al.®® and a number of other

metallocenes were synthesized soon after this disc&Very.

Fe
;

Figure 2.8: Structure of ferrocene.

In 1953 Karl Ziegler and coworkétd discovered catalyst systems based on transition metal
compounds (zirconium and titanium halides), which were used for the polymerizaten of
olefins®! In the presence of aluminum alkyl activators these catalyst systems were able to

polymerize ethylene to yield high density polyethylene (HDPE) at low pressure, but could not
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polymerize propylene. In 1954 Natta reported the successful polymerization of propylene
using the same catalyst systBfhAfter characterization of the resulting polymer, he was able

to define the three stereo conformations of polypropylene: isotactic, syndiotactic, and atactic
polypropylene. In 1957 titanocene dichloride was found to be active in olefin
polymerization®>°® In these experiments aluminium alkyls were used as activators but only

low polymerization activities were obtained when using metallocene catalysts.

It was not until 1973 that the true potential of group 4 metallocene catalysts was recognized it
was observed that controlled addition of water into the titanocene/aluminium alkyl system
increased the catalytic activity significantif. The increase in activity was found to arise
from the formation of aluminoxanes, e.g. methyl aluminoxane (the general structure of it is
shown in Figure 2.9), which can be obtained from the reaction of trimethylaluminium (TMA)

and watef®

CHj
n

Figure 2.9: Simplified representation of methyl aluminoxane.

Many research groups proceeded to develop new metallocene complexes once the potential of
metallocenes was established. One major advance was the synthesis of bridged zirconocene
dichlorides with G-symmetry by Brintzinger and coworkdtd. Soon after this, Kaminsky

and Arndt produced isotactic polypropylene with these bridged zirconot¥hegheir

success spurred efforts to find more active and stereoselective catalysts for the polymerization
of a wide range of monomef€Y Presently, MAO-activated metallocene catalysts are
currently still the subject of extensive resedt®h'® Although group 4 metallocene based
catalysts are already being employed in the polyolefin industry, much work remains to be

done in the field of catalyst design to produce cheaper, and more robust catalysts.

2.6.2 Metallocene catalyst systems

Metallocene catalyst systems result from the reaction of metallocenes and a cocatalyst, which
is generally an organoaluminium compound. These catalysts play an important role in the

polymerization of olefins, dienes and styrene. Today a significant part of the chemical
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industry uses these catalysts to produce increasing amounts of plastic materials. Metallocene
catalysts are soluble in hydrocarbons, show only one type of active site and their chemical
structures can be easily changed. These properties allow one to accurately predict the
properties of the resulting polyolefins. Molecular weight and distribution, comonomer content
and tacticity can be controlled by careful selection of the catalyst and reaction conditions. In
addition, the catalytic activity of the metallocene catalysts +4.Q0 times higher than that of

the typical Ziegler-Natta systetf®

Metallocene catalyst systems can be conveniently divided into two categories. In the first, an
aluminoxane, an alkylaluminum, or a combination of aluminoxane and alkylaluminium, is
used to activate the metallocene catalyst. In the second category, an ion exchange compound
is combined with the metallocene catalyst, forming what is generally called a cationic
metallocene catalyst. It is now generally accepted that the catalytic active species for

metallocene/aluminoxane/alkylaluminium systems is cationic in n&ftte.

Remarkable features of metallocene catalyst systems, and their uses, in preference to other

catalyst systems, include the following:

1. Very uniform homo- and copolymers with narrow molecular weight distributions,
with My/M,, = 2, are typical for catalysts with only one type of active site (‘single-site'

catalysts).

2. Excellent control of molecular weight, end groups, stereochemistry, long- and short-

chain branching is achieved.

3. Molecular weight-independent comonomer incorporation, including the less reactive

comonomers such as long-chaiolefins and styrenes, is possible.
4. Cyclo-olefins can be polymerized.

5. Morphology can be controlled, and there is potential for production of reactor blends

using metallocene catalysts.

6. New catalysts can be introduced into old plants to produce new polymers (‘drop-in’

technology).
7. Polymers that are easier to recycle can be produced.

8. Only small quantities of catalyst are required.
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2.6.3 General structure of metallocene catalysts

The general structure of a group 4 metallocene catalyst precursor such as is used in olefin
polymerization is presented in Figure 2.10. The most remarkable feature of these catalysts is
that their molecular structure can be designed to create active centers to produce polymers

with entirely novel propertie®’

Brid ge “\\\\\\\Y

@ Zr, Hf or Ti

R, XandY  ClorCH,
Figure 2.10: General structure of a bridged group 4 metallocene catalyst precursor.

The carbon atoms of the cyclopentadiene (Cp) ligands can bear hydrogen or other
substituents, such as alkyl, aryl or silyl groups. Up to 10 different substituents are possible on
a metallocene. Different substituents change not only the size and shape of the Cp ligands but
also the Cp-Mt-Cp distances and angles, and that affects the activity of the metallocenes and

the properties of the polymers produced by these catéfysts.

Metallocenes used in olefin polymerization have been classified on the basis of their
symmetry (see Figure 2.11). In class | tyecyclopentadienyl ligands (represented by shaded
rectangles) can be bridged or not; in the other classes they are bridged. In classes | and I, the
two sites occupied by thg™ligands are bisected by a horizontal mirror plane and are
therefore achirotopic; they are related by a twofold rotation axis in class Ill and are homotopic
(equal). In class IV the two sites are related by a vertical mirror plane and are enantiotopic
(mirror images of each other). No symmetry elements are present in class V, and the two sites

are diastereotopic (differerftf®*%l
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1(Cy) (Cy
N I
X—Mt—X X—Mt—X X—Mt—X
. I .
111 (C5) IV (Co V (Cy)

Figure 2.11: Classification of metallocene catalysts according to their symmetfy’ 1%

2.6.4 Mechanism of propylene polymerization using metallocene catalyst systems

The polymerization reaction of propylene using metallocenes is initiated by active centers of
the metallocene catalysts. Active species (chain initiators) are ionic pairs containing cationic
species, like CM*-R. These species are either synthesized or are formed in the reaction
between metallocene complexes, such asZGe; or CpZrCl, and MAOM 2 The
mechanism of propylene polymerization using metallocenes can be summarized by a number

of reaction steps, which are initiation reactions, propagation reactions and transfer reactions.

2.6.4.1 Initiation reactions

The polymerization reaction starts when a propylene monomer coordinates to the transitional
metal atom bearing a positive charge, and subsequently inserts into the Zr-Me bond (probably

by Me migration), as shown in Scheme 2.1

_—Me CH,-CH(CHy)-CH,
CpZigy + CH,=CH-CH, —>Cp22r®/

Scheme 2.1: Insertion of a propylene monomer to a Zr-Me bond.

2.6.4.2 Propagation reactions

The insertion of a propylene monomer in the metal carbon bond may take place in two

different ways, as shown in Scheme 2.2.
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M _CHz'CH(CH3)'P
(1,2 or primary insertion)

\ M —CH(CHy)-CH,-P

(2,1 or secondary insertion)

M—P + CH,=CH-CH,

Scheme 2.2: Primary and secondary insertion of a propylene monomer in the metal-carbon bond.

It was proved by chain end-group analysis that the 1,2-insertion mode is predominant in
isospecific polymerization of olefins using both heterogert&3ds” and metallocene-
basef'® catalysts and in the syndiospecific polymerization of propylene using the
homogeneous ME(Cp,F)ZrCYMAQO catalysts syster‘ﬁ‘.’] Isospecific  polypropylene
obtained using chiral £&symmetry group 4 metallocenes includes a small number (about 1%)
of isolated regioirregular structural units resulting from 2,1- and 1,3-insertion of the

monomer, as shown in Scheme 2.3.

— CHy; — CH(CHy) — CH(CH;) — CH, — CH, —CH(CH,) — 2,1-insertion
— CH; — CH(CHy) — CH, — CH, — CH, — CH, — CH(CHy;) — 1,3-insertion

Scheme 2.3: 2,1- and 1,3-insertions in propylene polymerization.

Regioirregular insertions are revealed by the presence af){@hd (CH), sequences in the
polymer chain, respectively. The content of the two regioirregularities and their relative
proportions depends on thetligands, polymerization temperature and monomer
concentratiod*”! In general, regioirregularities are mainly of the 2,1-type when the activity
of the catalyst is very higf?®118!

2.6.4.3 Transfer reactions

The investigation of transfer reactions is very important because these reactions determine the
control of molecular weights and end-group structures of resultant polyolefins. In propylene
polymerization using a metallocene catalystMAO, where no external terminating agents
(such as hydrogen) are involvekhydride transfer reactions (either after a primary or a

secondary propylene insertiofgsmethyl transfer reactions, chain transfer to the aluminium
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(mainly to trimethyl aluminium (AIMg contained in MAO), and chain transfer to monomer
constitute the entire set of chain transfer reactions. In gefengtjride transfer reactions are

predominant in metallocene catalyst syst&s)

2.6.5 Influence of hydrogen on propylene polymerization

Hydrogen molecules are used to regulate the molecular weight of polyolefins prepared in the
presence of both heterogeneous and metallocene catdift$*?Y Hydrogen response in
metallocene-catalyzed propylene polymerization seems to be wide-ranging and reflects the
strong dependence of the performance of metallocene catalysts on bothtligeind
structures and on the polymerization conditions. Addition of molecular hydrogen leads to
different levels of molecular weight depression, depending on the hydrogen level, the
concentration of the monomer, the type of catalyst and the polymerization temp&rature.
Catalyst productivity in the presence of hydrogen has been found to increase to a certain level,
where after it remains constant, or is slightly decreased upon a further increase of partial
hydrogen pressure. The hydrogen level required to reach maximum productivity is dependent
on the nature of the catalyst. Productivity enhancement is mainly due to an increase of the
initial polymerization rate; catalyst decay with time is either unaffected or slightly retarded by

the presence of hydrog&i?

2.7 Fractionation techniques

To fractionate polymers produced using different catalyst systems, a number of methods
described in the literature have been used for semi-crytalline polymers, including solvent-
extraction, consecutive extraction with different solvents, fractionation with solvent/non-
solvent pairs, consecutive extraction with a solvent at different tempertdfés? and,

more recently, temperature rising elution fractionation (TREFY® and crystallization
analysis fractionation (CRYSTAEF 3132 Recent developments in the field include new
techniques such as crystallization elution fractionation (EBFnd solution crsytallization
analysis by laser light scattering (SCALLSY ¢!

27.1 TREF

Shirayamaet al.'*"!

were the first to use the expression “temperature rising elution
fractionation” (TREF) in order to describe the method used to fractionate low-density

polyethylene according to the degree of short-chain branching. The method was first
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described by Desreux and Spie§f&fs when they recognized the possibility of achieving
crystallization separation by elution at different temperatures. It was clearly noted that the
elution of amorphous polymers under rising temperature conditions will cause fractionation
on the basis of molecular weight, and not crystallinity. Size exclusion chromatography (SEC)
is known to be used for the purpose of fractionation on the basis of molecular #dight.
Consequently, little interest has been shown for the fractionation of amorphous polymers
using TREF technigue. TREF is a technique used for analyzing semi-crystalline polymers by
separation of the molecular species according to their crystallizabilities. After the introduction
of TREF by Desreux and Spied&® a need for a more practical and capable system became
clear. This led to the development of a system in which a polymer is crystallized onto a

support in packed columig”

There are two types of experimental TREF apparatus: analytical and preparative TREF.
Analytical TREF is commonly automated. It is connected with other analytical instruments
such as IR and SEC, and the structure of polymer fractions can be determined on-line.
Preparative TREF is used to obtain a large amount of polymer fractions and the polymer
fractions can be characterized off-line by NMR and/or DSC. Preparative TREF is time-
consuming, but it usually provides more information than analytical TREF, and is often used
for polypropylend**!) Preparative TREF is a powerful tool, because the temperature for
fractionation can be freely selected within a certain range. Preparative TREF fractionates
polymers on the basis of crystallizability, and the TREF data directly reflects the tacticity of
polypropylend!?6128.142n this context, TREF has gained increasing popularity over the past
years. TREF has been used to probe the qualitative tacticity distribution that occurs upon
modification of the cataly$t?” 142143

2.7.1.1 Fractionation set-up

The experimental set-up used for separation by TREF consists of two steps, the first is a slow
cooling (crystallization) step and the second is a dissolution (elution) step, as shown in Figure
2.12. During the first step the hot polymer solution is cooled at a slow rate (6 °C or less per
hour), thus resulting in controlled crystallization. The benefit of the cooling step was first
recognised by Bergstrom, Avela and Wiitf:***!Quick precipitation or normal cooling was

used in earlier studies. To achieve reproducible fractionation, based on crystallizability, the
crystallization step must be controlled. Slow cooling of the polymer solution can either occur
on a support or in solution. Glass beads, Chromosorb P, silica gel, stainless steel balls and

washed sea sand can all be used as suplfert§! The most crystalline polymer crystallizes
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out of solution first, directly onto the support, followed by slightly less crystalline polymer.
This continues until the least crystalline polymer (highly branched) crystallizes, thus
effectively forming the so-called onion layers around the support (Figure 2.12, crystallization
step). In the second step dissolution of the polymer at successively higher temperatures takes
place (Figure 2.12, elution step). The increase in temperature can either be step-wise or a

continuous temperature gradient.

Crystallization
Less
Step crystallinity
Tz
Support
Ti>T: >Ts
S
Least
crystallinity Most
Tz crystallinity
Elution T
Step T T:< Tz

Figure 2.12: Schematic representation of the separation mechanism of TREF.

2.7.2 CRYSTAF

Crystallization analysis fractionation (CRYSTAF) is a relatively new technique for the
analysis of the composition of polyolefin blends. After about only a decade since it was
developed, CRYSTAF has become one of the most important characterization techniques in
polyolefin characterization laboratories because it can be rapidly provides crucial information
required for the understanding of polymerization mechanisms and structure—property
relationshipd'*"**®| CRYSTAF fractionates blend components of different crystallizabilities

by slow cooling of a polymer solution. During the crystallization step the concentration of the
polymer solution is monitored as a function of temperature. Different from DSC, blends of
polyolefins separated into the components and quantitative information can be obtained
directly from the crystallization curves. Moreover, even very low quantities of one component

in polyolefin blends can be quantified with good accuracy.

CRYSTAF was developed as an alternative to TREF. The two techniques are based on similar

fractionation mechanisms and provide comparable results, but TREF operation is more time-
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consuming because it involves two fractionation steps: crystallization and elution, while

CRYSTAF requires only a single crystallization stép.

2.7.3 SCALLS

Solution crystallization by laser light scattering (SCALLS) is considered as one of the newest
fractionation techniques for semi-crystalline polymers. It involves analysis of the turbidity of

a polymer solution during cooling. In the past, turbidity measurements were focused on
fractionating polyolefins based on molecular weight using either a solvent/non-solvent
approach or a thermal gradient technifitféln 1966 Imhof studied a series of low-pressure
ethylene—propylene copolymers and mixtures of ethylene homopol{iftitswas observed

that the cloud point decreases with decreasing density and that turbidity could resolve blends
of ethylene homopolymers. White light from a mercury lamp was used as a light source and
the decrease in transmission of the light in the forward direction was measured by a light-

scattering photometer.

Shanet al.'*® published an article describing how the short-chain branching distribution
(SCBD) of polyethylene can be determined by a turbidimetric method. The technique
involves the observation of the scattering of diode mercury laser lamp light after it passes
through a polymer solution. The temperature of the polymer solution is controlled via a
heating block which is subjected to a temperature ramp. As turbidity increases, the amount of
laser light that can pass through the solution decreases, while the amount of scattering
increases. An increase in turbidity occurs when the hot polymer solution is cooled and
polymer starts to crystallize out of solution. The reverse of this process leads to the turbidity

decreasing with an increase in temperature.

Compared to apparatus used for other analytical techniques such as CRYTAF and TREF, the
SCALLS apparatus is simple to operate and is inexpensive (when compared to the cost of
operation and maintenance of other fractionation instruments). Given the flexibility of the
instrument, experiments can be designed to help further the understanding of the fractionation
and crystallization of polymers. The simple equipment set-up and operation of SCALLS
allows for the flexibility to perform crystallization experiments in different solvents. This is a
distinct advantage over other techniques such as CRYSTAF and TREF, which mostly require
use of TCB for its high temperature use and dissolution ability of polyof&¥hs.

138] developed a similar apparatus which they used to examine

Recently, van Reenest al.!
several different polyolefins. They showed that SCALLS was able to differentiate between

polymers of different chemical and morphological compaosition. Preliminary results indicated
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that the experimental parameters played a big role in that set-up, which makes it difficult to
compare chemically dissimilar polymers, but with chemically similar polymers, it is possible

to compare materials. An apparent dependence of molecular weight during the solution
crystallization of metallocene polypropylene samples was illustrated. Both cooling
(crystallization from solution) and heating (melting and dissolution) experiments were
successfully demonstrated, and it was shown that both cooling and heating rates, as well as

polymer concentration, affected the molecular weight.

2.8 Polymer blends

Polyolefin blends have been studied comprehensively, with a view to improving the
properties and processability of the polymers involved. The advantages of blends include, for
example, improvements in impact strength, optical properties, low-temperature impact
strength, rheological properties and overall mechanical behaviour. Blending is a natural
manner to widen the range of properties of polymers. This is well illustrated by the history of
polymer blends. In 1846 when only natural rubber (NR) and gutta percha (GP), were
available, these were blendé¥! Once nitrocellulose (NC) was invented, its blend with NR
was patented in 1865, three years before the commercialization of NC. In the 1960s, the major
reason for blending was modification of a specific resin for a particular type of behaviour in
most cases, improvement of impact strength. A while after that, blending was used for
economic reasons; expensive engineering resins were diluted with commodity ones. During
the 1980s, the processability of high temperature specialty resins was improved by blending.
Presently, blending to prepare material with specific properties for envisaged appli%ﬂﬂions.
The application of polymer blends has increased significantly and is expected to continue to
grow. Of the total consumption of engineering polymers, more than 20 % is presently thought
to be composed of blends, with important and various applications in the automotive,
electrical and electronic industries, in computer and business equipment housings, in medical
components, etc. Annually, about 4900 patents related to polymer blends are registered world

wide [*51]

The properties and the morphology of the polyolefin blends have been systematically
discussed in a series of papers published by Gateald'*?***and D'Orazioet al.**>**®'The
mechanical and thermal properties of PP/HDPE blends were first studied byeGat&d?

The addition of ethylengropylene copolymers to polypropylene was reported by D’Orazio
et al.’®® The authors specifically studied the morphology and mechanical properties of

ternary PP/EPDM/HDPE blends on molded samples and extruded rods. In addition, blends of
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isotactic and syndiotactic polypropylenes were stui’éd®” Mulhaupt and coworkelfs®

studied the behaviour of syndiotactic and isotactic polypropylene blends. In their work, the
blends were made by solubilization of both polymers, mixing and precipitation. Results
showed that, although phase separation can not be observed by microscopy, the crystallization
of isotactic and syndiotactic polypropylene always occurs separately. The annealing treatment
makes the phase separation, which confirms that blends of isotactic and syndiotactic
polypropylene are completely phase separated. The morphology of the blends is widely
influenced by crystallization kinetics. Mulhaupt and cowork&fsalso studied the influence

of stereoregularity on miscibility of polypropylenes and concluded that atactic polypropylene
is miscible with isotactic polypropylene but immiscible with syndiotactic polypropylene. On
the other hand, Silvestri and Sg&f?l found that high molecular weight atactic
polypropylene is partially miscible with syndiotactic polypropylene and immiscible with
isotactic polypropylene, but the degree of tacticity of the components and the composition of

blend can also affect miscibility, as does the molecular weight of the atactic polypropylene.

2.9 Mechanical properties

Polypropylene is a versatile material, whose stiffness, elasticity and transparency can be
tailored by modifying the molecular architecture. Although today polymers are widely used in
many structural products, given their low costs and ease of processing, the end use in

engineering applications is often controlled by their macroscopic mechanical performance.

Among the advantages of semi-crystalline polymers, compared to amorphous ones, is that
their maximum use temperature is set by the melting temperature rather than the glass
transition temperature. A disadvantage is that the impact toughness of most of the polymers is
low. A typical technique to increase impact toughness is rubber modification. The

disadvantage, however, of adding rubber to a polymer system is, however, normally a further

decrease in stiffness.

Over the past decade, much knowledge has been gathered on the relationship between
molecular structure and mechanical behaviour of amorphous polymers. Although some of
these concepts are also appropriate to semicrystalline polymers, the presence of a two phase,
crystalline-amorphous structure yields more complex relationships, in which not only
molecular constitution is important, but also microstructural aspects, e.g., the degree of
crystallinity, crystal size, spherulite size and crystal orientation. These crystal micro-structures

depend on molecular constitution, the presence of nucleating agents and, most strongly,
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processing conditions, i.e. the thermal-mechanical history experienced by the polymer in the
process®?. Molecular structure and mechanical properties of semicrystalline polymers have
been extensively studied, but the focus was mostly on polyethylene and ethylene based
copolymerd!®31®|n order to achieve as large as possible a variation in crystallinity and
lamellar thickness, characteristics such as number of branches, molecular weight and type of
comonomer were varied. The type of crystallization procedures were changed, ranging from
solution to melt crystallization, and annealing processes at different concentrations, cooling

rates and temperatures.

29.1 MH

Determination of microhardness (MH) involves the static penetration of a material with an
indenter using a known force. The microhardness of a material is determined by dividing the
load used by the residual deformation area on the surface of the material. It is basically a
measure of the irreversible deformation processes characterising the material. There are two
main zones of deformation in the material below the indenter: the plastic deformation zone

and the larger elastic zoH&”

Currently, the MH technique, being an almost non-destructive, sensitive and relatively simple
method, enjoys extensive application. In addition to some methodological contributions to the
technique, the MH method has been successfully used to gain a deeper understanding of the
microhardness—structure correlation of polymers. A very attractive feature of this technique is
that MH can be used for the micromechanical characterization of some components, phases or
morphological entities that are otherwise not accessible for direct determination of their
hardness and modul&€® These possibilities are very useful for the quantification of phase
properties, for example, in semicrystalline polymorphic materials such as polypropylene,
besides the most commomnmodification of isotactic polypropylene, an amount of hexagonal

B-madification often forms during polymer processing.

The amount of3-modification affects the mechanical properties; the material becomes
toughert’*” However, theB-phase is unstable upon stretching, which produces a transition to
a-isotactic polypropylen&®® With the a-phase, mechanical properties are changed, and
knowledge of the phase properties and their interactions has an important practical meaning.
This requires a measurement technique that enables the determination of phase and bulk
properties on one specimen. The MH technique achieves this by controlling the indentation
load or the indentation depth. MH is sensitive to morphological changes, as has been reported

in a number of publicatior$***"*'Some examples of polypropylene materials are given. One

28



Stellenbosch University http://scholar.sun.ac.za

can detect the glass transition temperdtifend quantify the hardness and modulus of the

a- and B-spherulitest’® Some other works deal with the correlation between hardness and
mechanical properties. Chua and Hendét$Bmeported that creep modulus and MH have the
same time dependence after different ageing times. MH increases linearly with the degree of
crystallinity, and the elastic modulus is correlated to the MH by means of a powé&Flaw.

Amitay-Sadovsky and Wagr&?! described the hardness and the modulus of transcrystalline

polypropylene.

In the case of polymer blends, MH measurement is a useful tool for the assessment of the
degree of interpenetrating of the blend compon&fiidt has been shown that for blends of

low- and high-density polyethylel€! and for blends of poly(ethylene terephthalate) and
poly(ethylene naphthalate), MH is an additive function of the MH values of the individual
components of the blend. However, in blends of polyethylene/polypropylene and
poly(butylene terephthalate)/polycarbonate a deviation from the additivity law was
detected!’®*""Idue to the changes in crystallinity as well as to the thickness of the crystals of
the blend components. The negative deviation from the hardness additivity law for
polyethylene/polypropylene gel blends has been explained by a crystallinity depression and

by an increase in the surface free energy with compositidn.

2.9.2 DMA

Dynamic mechanical analysis (DMA) is a well-established technique to demonstrate the
relationship between crystallinity and elasticity. The technique can be defined as the
application of an oscillated force to a sample and analysis of the materials response to the
force. DMA can be used for the evaluation of storage modul)sl|@&s modulus (B and

mechanical damping factor (t&p!*"®

DMA methods have been widely used for investigating the structures and viscoelastic
behaviour of polymeric materials for determining their considerable stiffness and damping

characteristics for various applications. The dynamic properties of polymeric materials are of
substantial practical significance for several reasons, particularly if they are determined over
wide ranges of frequency and temperature. DMA over a wide range of temperatures and
frequencies permits the determination of the viscoelastic behaviour of molten polymers and
provides important insights into the relationship between structure, morphology and

proportional properties of polymeric matrices and composites materials. The stress—strain
response curves demonstrate the mechanical nature of the nHtér@dveral studies on

fiber-reinforced polypropylene composites based on structure—property relationships by
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means of DMA are reported in the literattf&:83!

Since fibre-reinforced thermoplastic materials experience various types of dynamic stress
during service, studies of the viscoelastic properties of these materials are of great
importance’®284 A significant amount of work has been reported on the viscoelastic
properties of particulate and fibre-filled compost&%!#18!The dynamical mechanical
properties of unidirectional composites are dependent on the fibre orieHtEti8H Hence

the performance of structural material can be measured by dynamic mechanical thermal
analysis in the direction of fibre alignment at different volume fractions of fitifés.
Carwalho and Bret#§” investigated the relationship between interphase morphology and
viscoelastic properties of thermoplastic carbon fibre composites. Getaaj€é®” studied the
thermal properties of pineapple fibre low density polyethylene composites, with particular
reference to the effect of fibre/matrix interface bonding. Kultal.'® reported on the
characterisation of interfacial interactions in high density polyethylene filled with glass
spheres using DMA. Strickeat al.™®Y in their study on DMA, observed an unexpected
thermal transition of glass bead-filled syndiotactic polypropylene at 54 °C. The signal
intensity increased with increasing glass bead volume fraction and was not observed for a

pure syndiotactic polypropylene.

In this study, mechanical analysis of the fractionated and blended materials as well as the
polymers synthesized will be carried out via MH and DMA techniques. This will enable the
investigation of the effect of molecular weight and tacticity on the mechanical properties of

the fractionated and blended materials.
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CHAPTER 3

Fractionation and crystallization of isotactic polypropylenes
prepared using a heterogeneous transition metal catalyst

3.1 Introduction

A series of polypropylenes was prepared by slurry polymerization using a-fsigiorted
transition metal catalyst. Two different external donors (EDs) were used: diphenyl
dimethoxysilane (DPDMS) and methylphenyl dimethoxysilane (MPDMS). The molecular
weight of the polypropylenes was controlled using molecular hydrogen. In order to establish a
correlation between the molecular weight and the crystallization of polypropylene polymers
fractionation of the materials according to their crystallizability was performed by means of
TREF. This affords the opportunity for blending materials of differing molecular weights but

similar symmetry.

3.2 Experimental

3.2.1 Materials

Propylene was obtained from Sigma-Aldrich and used without any purification. High purity
argon and hydrogen were obtained from Afrox (South Africa). Toluene (Sigma-Aldrich) was
dried by refluxing over sodium/benzophenone and then distilling under an inert gas
atmosphere. Triethylaluminium (TEA) was obtained from Sigma-Aldrich. A commercial
Ziegler-Natta catalyst with 2.78 wt % Ti content was purchased from Star Chemicals &
Catalysts Co. (China). The EDs, DPDMS and MPDMS were obtained from Fluka and used as

received.

3.2.2 Polymerization procedure

All polymerization reactions were carried out under an inert gas atmosphere. The
polymerization reactions were carried out in a 350-ml stainless steel Parr autoclave with a gas
inlet and pressure gauge. Typically the reactor was charged with the catalyst (43 mg, Ti
content 2.78 wt%), TEA (2 mmol, Al/Ti mole ratio 80) and ED (0.091 ml in the case of
DPDMS and 0.072 ml in the case of MPDMS, Al/Si mole ratio 5) in toluene (25 ml). The

catalyst solution was stirred for 5 min and then the propylene was added. The reactor was
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pressurized with hydrogen and the contents stirred for 1 h at room temperature. The reaction
was then quenched by the addition of 100 ml 10% HCI/MeOH. The resulting polymer was
filtered off, washed several times with methanol, and subsequently dried under vacuum at 80

°C for 15 h, to yield about-3% g of polypropylene as a white powder.

3.2.3 TREF technique

A preparative TREF apparatus built in-hdiseas used to fractionate polymers during this
study. The TREF technique is based on two separate steps, hamely the crystallization step and

the elution step.

3.2.3.1  The crystallization step

The crystallization setup of the TREF technique is illustrated in Figure 3.1. The
polypropylene (3 g) and Irganox 1010 stabilizer (2 wt %) were first dissolved in 300 ml
xylene at 130 °C in a stirred glass reactor. The reactor containing the dissolved polymer and
stabilizer was then quickly transferred to a large oil bath which had been preheated by a
computerized temperature controller to the same temperature. Another three polymer samples
were dissolved in the same way and also placed in the large oil bath as explained. In this way
four different batches of polymer could be cooled simultaneously. The inert support (washed
sand, white quartz 500 mesh) was also preheated to 130 °C in order to prevent premature
crystallization. The hot sand was then added to the reactor in sufficient amounts to prevent
polymer from crystallizing in solution and not on the support. The entire oil bath was then

cooled at a rate of 1 °C/h from 130 °C to room temperature (20 °C).

Temperature probe

101089y
101089y

é [— \FL } Oil bath

N

Temperature controller Mechanical Stirrer

Figure 3.1: The setup used for the TREF crystallization step.
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3.2.3.2  The elution step

The elution process followed the crystallization step. The elution step involves the transfer of
the polymer and support to a stainless steel column, length 15 cm and internal diameter 7.5

cm, as illustrated in Figure 3.2.

—o— > :
Glass wool <——— Outlet pipe

— 1 » Sand with crystallized polymer
Ceramic beads <«——

——> Temperature probe

—» Glass wool

Inlet pipe <—

Figure 3.2: lllustration of the column packing for the TREF elution step.

The layers of glass wool and ceramic beads at the top and bottom of the column were used to
prevent preferential solvent channeling by breaking up the solvent flow. The column was
equipped with a temperature probe that measured the temperature in the centre of the packed
column. The column was then placed inside a temperature controlled oven and connected to a
xylene inlet and outlet. In this way the exact fractionation temperature for each eluted fraction
could be monitored. A pump controlled the flow of solvent through the column at a constant

rate.

The outlet pipe from the column was covered with a heating tape set to 130 °C in order to
prevent deposition of the fractions onto the cold pipe during the collection of the fractions.
The temperature of the oven was kept at the specific elution temperature until the temperature
inside the column and the GC oven reached the desired elution temperature before the elution
took place. Fractions were taken at various temperatures, depending on the number of
fractions that were required. The xylene was removed from each fraction under reduced
vacuum on a rotary evaporator. Fractions were then further isolated in a vacuum oven at 50

°C in order to remove any excess xylene.
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@ GC-oven with column insde
pump [ XX )
I —>
nooon D Fraction collection
' I

Oultlet pipe covered with

Xylene tank a heating tape

Figure 3.3: The TREF elution set-up.

3.2.4 Characterization

3.24.1 YCNMR

13C NMR spectra were recorded at 120 °C on a 600 Varian Unity Inova NMR spectrometer
equipped with an Oxford magnet (14.09 T), operating at 600 MHz, using a 5 mm inverse
detection PFG probe. The pulse angle was 90°, the relaxation delay time was 15 sec, and the
acquisition time was 1.8 sec. Resolution and accuracy were improved by zero-filling the data
once before performing the Fourier transformation. Baseline correction was also applied in
order to further enhance the accuracy and repeatability of the integrals measured for selected
peaks in the spectra. Samples<80 mg) for'*C NMR analyses were dissolved at 110 °C in

a 9:1 mixture of 1,2,4,-trichlorobenzene (TCB) and benzer{Bd).

In order to obtain useful spectra, samples need to be homogenous and without any defects or
voids. This becomes even more crucial when running NMR spectra on higher resolution
NMR spectrometers (600 MHz), since any inhomogeneity in the sample results in the validity
and even the quality of data acquisition being suspect. In the present study, various solvents
and different conditions with the available facilities and were used in order to optimize the
quality of the spectra under existing condition. Weighed polymer samples were placed at the
bottom of an NMR tube, and 6:6.8 ml deuterated solvent was added gradually, to allow the
polymer to swell and dissolve. Samples were then heated to the desired temperature (120 °C)

for two hours in an oil bath before recording the spectra.
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3.242 HT-GPC

The number average molecular weigl\/Tn(), weight average molecular weight/l_cv) and

molecular weight distribution (MWD) were determined by using high-temperature gel
permeation chromatography (HT-GPC). Samples were analyzed with a PL-GPC 220. A flow
rate of 1.0 ml/min was used. Columns packed with a polystyrene/divinylbenzene copolymer
(PL gel MIXED-B [9003-53-6]) from Polymer Laboratories were used. A 50 mm guard
column was also used. The length and diameter of these columns were 1200 mm and 7.5 mm,
respectively. The particle size was 10 um. The analyses were carried out in TCB, stabilized
with 0.0125% 2,6-di-tert-butyl-4-methylphenol (BHT), as solvent, at 140 °C. The calibration
was done with monodisperse polystyrene standards (EasiCal from Polymer Laboratories). The

detector used was a differential refractive index detector.

3.243 DSC

The melting points and the degree of crystallinity were determined on a TA Instruments Q100
DSC. It was first calibrated by measuring the melting temperature of indium metal according
to a standard procedure. All measurements were conducted under a nitrogen atmosphere, and
at a purge gas flow rate of 50 ml/min. Three cycles were performed for each sample. First the
samples were heated in crimped aluminium pans from -30 °C to 220 °C at a rate of 10
°C/min. Samples were then cooled from 220 °C to -30 °C. The peak crystallization
temperature, J(DSC), was determined from the cooling cycle. Finally, the samples were
heated for a second time at rate of 10 °C/min to 220 °C. This was done to determine the peak

melting temperature,J from the peak maximum of the second heating cycle.

3.244 WAXD

Wide-angle X-ray diffraction (WAXD) analysis was performed at iThemba LABS (South
Africa) on a Bruker AXS D8 Advance diffractometer at room temperature with filtered CuK
radiation. All samples were scanned 8tdhgles, ranging from 6° to 50°, with a sampling

width of 0.02°, where is the diffraction angle.

3.245 FT-IR

Fourier-transform infrared spectroscopy (FT-IR) was used to determine the crystallinity and
tacticity of polypropylene polymers. Infrared spectra of the polypropylene samples were

recorded on a Perkin Elmer FT-IR spectrometer (model Paragon 1000 PC). This instrument is
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a single-beam Fourier-transform IR spectrometer with a FS-DTGS-Detector, 32 bit processor
and IRDM software (resolution better than 1"YmAll samples were recorded from 350 to 4

700 cm' by using a photo-acoustic detector (PAS).

3.3 Results and discussion

3.3.1 Characterization of the non fractionated polypropylenes

As mentioned in Section 3.2.2, a series of polypropylenes was prepared by slurry
polymerization using a Mggilsupported transition metal catalyst. The reaction conditions

were kept constant for all the polymerization reactions. The characteristics of these
polypropylenes prepared in the absence and presence of the two different EDs, DPDMS and

MPDMS, and in the presence of different amounts of hydrogen, are summarized in Table 3.1.

Table 3.1: Results of propylene polymerizations carried out with DPDMS, MPDMS and various

concentrations of hydrogef

Activity f

H2 d e Tm Tc AHm Xc

Runs ED (wt %) (k_lqi.F;];/(g Mw Mw/Mpn | mmmm % ©C) | o) | rg) | ()
Z13 None 0.0 2.5 388 428 11.4 55.0 158.8 116.2 62.7 30.0
Z14 None 0.2 2.8 215 397 5.9 86.0 15Y.5 119.8 90.5 43.0
Z15 None 0.6 3.1 137 965 5.6 87.0 156.4 118.7 83.9 40.0
Z16 None 1.4 3.2 97 587 9.3 88.0 157.2 121.3 88.3 42.0
217 None 2.0 1.9 65 498 8.2 93.0 156.5 120.8 100.5 #48.0
Z6 DPDMS 0.0 1.6 1105 416 6.6 87.0 160.6 114.0 77.8 37.0
Z5 DPDMS 0.2 4.7 312 580 4.1 96.0 161.9 118.4 108.9 52.0
Z4 DPDMS 0.6 4.1 252 956 5.4 94.0 160.6 116.5 103.9 50.0
Z3 DPDMS 1.4 1.4 184 759 6.1 93.0 161.2 124.2 104.5 50.0
Z2 DPDMS 2.0 0.4 135 115 4.8 92.0 159.3 121.9 102.0 49.0
27 MPDM° 0.0 2.9 1 047 184 4.6 86.0 1585 114.1 89.5 43.0
Z8 MPDM 0.2 3.3 228 960 6.4 94.0 162.0 124.4 103.9 50.0
Z9 MPDM 0.6 3.6 164 327 5.4 97.0 161.1 122.4 118.6 57.0
Z10 MPDM 1.4 2.7 147 528 6.0 96.0 160.4 121.6 110.0 53.0
212 MPDM 2.0 2.0 96 137 9.4 90.0 159.2 121.2 114.4 55.0

2 propylene polymerization was carried out in toluene at room temperature for 1 h using different concentrations
of hydrogen.

® diphenyl dimethoxysilane (Al/Ti molar ratio 80).

¢ methylphenyl dimethoxysilane (Al/Ti molar ratios 80).

4 determined by GPC.

€ determined by°C NMR.

" determined by DSC.

41



Stellenbosch University http://scholar.sun.ac.za

3.3.1.1 Activity

The effect of the hydrogen concentration on the catalyst activity is shown in Figure 3.4. As
expected, the presence of hydrogen caused an increase in polymerization activity in the
presence of both EDs. Polymerization activity in the presence of DPDMS as ED increased up
to 3-fold in the presence of 0.2 wt % of hydrogen, from 1.6 to 4.7 kg PP/(g Ti.h), while it
increased up to 1.5-fold in the presence of 0.6 wt % of hydrogen in the case of MPDM. The
most common explanation for this activating effect is the regeneration of an active species
from the "dormant sites" formed after a regio-irregular olefin insertion (2,1—inse[th‘éA).

slight decrease in the catalyst activity is caused by further increasing the hydrogen content.
This decrease could be as a result of the retarded level of propylene insertion into the Ti-C
bond of the growing chain due to the high hydrogen level, depending on the nature of the

catalyst.

5 —&— No ED
v —v--DPDMS
~—O-— MPDMS
4 v

Activity kg PP/(g Ti.h)

. . . . . .
0.0 0.5 1.0 15 2.0 25
0,
H, (wt %)

Figure 3.4: Activity (kg PP/(g Ti.h)) of propylene polymerization as a function of the added hydrogen

concentrations.

In the absence of EDs, only a slight increase in catalyst activity with increasing hydrogen
concentration is seen (Figure 3.4). Several authors have reported similar ¥&s alts|
Chadwicket al.”) remarked that the magnitude of the hydrogen activation effect observed
with the TiCl/phthalate ester/Mgglatalyst was affected by the type of alkoxysilane used as

the ED in the polymerization.
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3.3.1.2 Microstructure

The results in Table 3.1 illustrate that the stereoregularity of the isotactic polypropylene
samples, as indicated by timammm pentad content, is dependent on the type of the ED
present in the catalyst system. The microstructure of the isotactic polypropylene samples was
analyzed by solution®*C NMR. Various researchers have reported different results for
different system&%** From Table 3.1 and Figure 3.5 it is clear that the effect of hydrogen is
twofold: we see a noticeable increase in tacticity in all cases when hydrogen is used versus
those cases where hydrogen is not used. Furthermore, isotactic stereoregularity of the
polymers produced in the presence of the EDs indicates a high proportion of isotactoid

sequences. It is likely that the EDs block the aspecific sites of the catalyst, leading to an
increase in tacticity.

—=—No ED
v-- DPDMS
--0---MPDMS

S am

754

704

Isotacticity (nmmm %)
3
1

65+
60+

55

50 1, . . . . . . . . . .
0.0 0.5 1.0 15 2.0 25

H, (wt %)

Figure 3.5: Dependence of the isotacticity of polypropylenes, on hydrogen concentration,

prepared in the presence and absence of EDs.

The results in Table 3.1 and Figure 3.5 are in agreement with the results obtained by
Harkonenet. al.™ They proved that the high stereospecificity obtained using silanes that
have one or more bulky hydrocarbyl groups is due to the silane stabilizing “fluctuating”
isospecific sites; the bulky hydrocarbyl groups protect the silane from removal from the
catalyst surface via complexation with aluminium alkyl. It is clear that some aspecific active
sites were converted into isospecific active sites by the addition of the EDs. Based on the
results presented above, it can be postulated that the active sites of thesMiirted
Ziegler-Natta catalyst can be classified into three types: (i) isospecific titanium species, which

are not affected by their local environment and produce polypropylene of high isotacticity, (ii)
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aspecific titanium species, which produce atactic polypropylene, and (iii) sterically hindered
aspecific titanium species, which preferably produce a polymer of moderate and high
isotacticity. The EDs sterically affect a coordination vacancy of each aspecific titanium

species and, consequently, transfers it into an isospecific active site of high isospecificity.

3.3.1.3  Molecular weight and molecular weight distribution

Figure 3.6 shows the relationship between the amount of molecular hydrogen added and the
molecular weights of polypropylene samples. It is noted that a large decrease in molecular
weight is obtained upon the addition of a small amount of hydrogen to the polypropylenes
prepared using both types of ED, but significantly more hydrogen must be added in order to
decrease the molecular weight further, and this becomes increasingly difficult as the hydrogen
concentration increases. The limited ability of hydrogen to control the molecular weight of
polypropylene at high hydrogen concentrations has been discussed in detail byeKissin
al.'®¥ The presence of EDs during the propylene polymerization (see Table 3.1) had a
noticeable effect on the molecular weight. The use of DPDMS resulted in somewhat higher
molecular weights than MPDMS, showing that the bulkier groups on DPDMS have a stronger
stabilizing effect on the stereospecific centers, as evident from the resulting higher increase in
the molecular weing.s] It is possible that the presence of the bulkier substituents on the
DPDMS could be more effective in preventing 2,1-misinsertion, which often leads to chain
termination in the presence of hydrogen. In addition, the activity of the isospecific sites of the
catalyst in the presence of DPDMS is generally much higher than that of the aspecific sites,

leading to higher molecular weights.
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Figure 3.6: Dependence of the molecular weight of polypropylenes, on hydrogen concentration,

prepared in the presence and absence of EDs.
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The molecular structure of the ED also affects the polypropylene molecular weight
distribution in the presence of hydrogen concentrations, as can be seen in Figure 3.7.
Relatively narrow molecular weight distribution and high hydrogen response is obtained with
catalyst system in the presence of DPDMS as ED. Chadavalk® obtained samilar results

with diether-containing systems. In contrast, a relatively broad molecular weight distribution
was obtained with the catalyst system MgTIiCl/ethyl benzoate-Alktaromatic estef? It

is suggested that this system also gives a significant proportion of high molecular weight,
stereoregular polymer, and the hydrogen response is relatively low. Moreover, this system
contains a significant proportion of species for which high selectivity is not dependent on the

presence of an ED in the immediate vicinity of the active site.
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Figure 3.7: Dependence of the molecular weight distribution of polypropylenes, on hydrogen

concentrations, prepared in the presence and absence of EDs.

3.3.1.4  Crystallinity and melting behaviour

DSC is the most popular method to use to study the thermal properties of semi-crystalline
polymers. Detailed structural information can be obtained by careful interpretation of DSC

thermograms generated under different conditions (cooling and heating at various rates,
multiple cooling and heating conditions, etc.). Table 3.1 tabulates the results of the DSC
analyses of the polypropylenes, with and without hydrogen, prepared in the presence of the
two types of EDs. The degree of crystallinity was calculated by recording the ratio of the

measured heat of fusion to that of a standard of known crystallinity, as shown in the equation
below. The crystallinity of polypropylene samples can be determined from heating scans,

using the following equation:
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whereAH; is the specific heat of fusion of the samples aif is the heat of fusion of the

hypothetically 100% crystalline polypropylenal{°= 209 J/gf**! The crystallinity of the

samples with varying hydrogen content varies considerably as the hydrogen content is
increased. Figure 3.8 illustrates the general increase in crystallinity of the samples with
increasing hydrogen content. The lower molecular weight of the samples appears to be the
main driving force behind the increase in crystallinity, as can be seen in Figure 3.9, although a
possible slight increase in average tacticity of the samples can not be discounted. This would
also assist in improving the degree of crystallinity as shown in Figure 3.10. It is also noted

that increasing the hydrogen content from 0.5 to 2.0 wt % does not result in a major change in

the crystallinity.
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Figure 3.8: Effect of hydrogen concentrations on the crystallinity of the polypropylenes in the presence

and absence of EDs.
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Figure 3.9: Effect of molecular weight on the crystallinity of the polypropylenes in the presence and

absence of EDs.
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Figure 3.10: Effect of isotacticity on the crystallinity of the polypropylenes in the presence and absence of
EDs.
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3.3.1.5 Crystalline structure

There are three crystalline forms of isotactic polypropylene: monoctinfor(n), hexagonal

(B form) and triclinic ¢ form)?? Among these three crystal structures, dHferm is the most
common and exists extensively in normal melt crystallized or solution crystallized samples.
WAXD was used to determine the crystal modification with respect to tacticity and molecular
weight difference in the polypropylenes that have similar thermal histories. Figure 3.11 shows
typical WAXD patterns of thex form, in which three strong equatorial peak of the (110),
(040) and (130) planes appear 8t=213.83°, 16.90° and 18.34°, respectiVélyOnly thea

crystal form existed in all polypropylene polymers prepared in the absence (Figure 3.11 A)
and the presence of EDs (Figure 3.11 A and B). The main difference between the samples is
the intensity of the main peaks, which is an indication of the extent of the crystallinity of each
polypropylene sample. According to Morrow and Newlfhthis can be regarded as the

morphology of highly isotactic polypropylenes, with few stereo-defects.
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Figure 3.11: Typical X-ray diffraction patterns of polypropylenes produced: (A) in the absence of ED, (B)
in the presence of DPDMS as ED and (C) in the presence of MPDMS as ED.
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3.3.2 Fractionation and characterization of the polypropylenes

3.3.2.1  Polypropylenes prepared with no ED

The polypropylene samples for TREF fractionation were chosen in order to establish a
correlation between the molecular weight and the crystallization of the polypropylene
polymers. Fractionation of the polypropylene samples according to crystallizability was
performed by means of TREF. TREF analyses of three different isotactic polypropylenes
prepared without any EDs (Z13, Z15 and Z16) were carried out to determine the differences
in their characteristics. First the original polymers were fractionated into eight different
fractions, eluting at 25, 60, 80, 90, 100, 110, 120 and 140 °C. In this way the weight of the
fractions, except the 140 °C fraction, was kept relatively large (> 100 mg) in order to ensure

that sufficient material of each fraction was available for full analysis.

The TREF fractionation data are summarized in Table 3.2 and the TREF curves obtained are
illustrated in Figure 3.12. It is clear that the 25 °C fraction amount of sample Z13 (27.1 wt %),
which was produced in the absence of hydrogen, is larger than the fractions obtained at the
same elution temperature JTof samples Z15 and Z16 (11.4 and 11.3 wt %, respectively).
This means that sample Z13 contains more atactic material than samples Z15 and Z16. The
size of the fractions increased from the 60 °C fraction to the largest fraction eluting at 110°C
(excluding fractions eluted at 90 °C) for all samples. Thereafter, smaller fraction sizes were

obtained for the other elution temperatures.

A more accurate interpretation would, however, be to investigate the differential weight
fraction to temperature (Wb/AT) and accumulative weight fractiod\\/;%) values, rather

than the individual fraction sizes. The reason for this is that when interpreting only the
individual fraction sizes, the temperature range for the specific fractions is not taken into
account. We can therefore, conclude that the 110 °C fraction produced the highest mass of
polymer fraction when the temperature range for the various fractions is taken into
consideration. According to the graph of the?afAT over the fractionation temperature in
Figure 3.12 (A) we find an increase in%/AT for the first four fractions collected after the

25 °C fraction and then a decrease for the last two fractions. The mass of the fractions eluted
at 140 °C was very low and not nearly sufficient for complete analysis. Furthermore, it is
observed that the peak value of elution temperature for all three samples is nearly the same
(Te = 110 °C), as shown in Figure 3.12 (A), but that the distributions are different, which
results in a wider peak for sample Z13. This probably indicates that more than one type of

active site exists in the heterogeneous catalysts. This result is somewhat different to that
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reported by Morini and his co-workéfs. They found that using ED all fractions eluted
before 110 °C.

Table3.2: TREF fractionation data for the fractions of samples Z13, Z15 and Z16

Te Sample Z13 Sample Z15 Sample Z16

) (\r;\/;) Wi% | ZW% | W%/AT (\r/nV;) Wi% | ZWi% | W%/AT (\r/nvé) Wi% | ZWi% | W.%/AT
25| 802| 271 271 - 334 1144 114 - 329 11.3 11.3 "
60 | 309| 104 375 0.3 18( 6. 17|6 0.2 168 5.8 17.1 q
80 | 287 | 9.7 47.2 0.5 188§ 6.4 24)0 0.3 167 57 22.8 0
90 | 174| 5.8| 53.0 0.6 123 4.2  28)2 0.4 125 43 27.1 0
100| 313| 10.6f 63.6 1.1 327 1112 394 1.1 207 10.2 37.3 i
110| 784 | 26.4 90.0 2.6 1300 444 838 4.5 1591 546 91.9

120 261| 8.8| 98.8 0.9 447 15|3 99|1 1.% 2P0 7.6 99.5 (
140 35 1.2| 100.G 0.1 25 0.9 100.0 0.1 15 0.5 100.0
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Figure 3.12: TREF curves of samples Z13, Z15 and Z16: (A) Wi%T and (B) ZWi%.
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Figure 3.12 (B) demonstrates the accumulative weight fraction perceRiafé) versus the
fractionation temperatures of the three polymers Z13, Z15 and Z16. We find the most
significant increase in the curves of Figure 3.12 (A) for the fractions collected between 100
and 120 °C. For this range there is a definite increase in the sum of the weight fraction
percentage. On the other hand, it is clear that the curve obtained for the sample Z13 in Figure
3.12 (B) is slightly different to the curves obtained for the other two samples Z15 and Z16.

This is due to the broad distribution of the molecular species in sample Z13.

The weight fraction as a function of elution temperature is shown in Figure 3.13. The
superimposed graphs provide a clear comparison of the samples. It is evident that the three
samples have different weight fraction distributions. Other researchers have reported that for
polypropylenes the TREF histograms qualitatively reflect the distribution of isotacticity, with

isotacticity increasing almost linearly with the elution temperdtfifé!
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Figure 3.13: Distribution of weight percentage of Z13, Z15 and Z16 fractions vs. elution temperature (°C).
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3.3.2.1.1 Microstructure

The microstructure of the fractions was investigated USIBGNMR, to examine the stereo-
regularity of the fractions. There was unfortunately insufficient material available to
characterize all the fractions BYC NMR and so representative fractions were taken for
analysis, including the room temperature soluble fraction and selected major fractions from

the main elution peak.

The °C NMR data for the fractions are summarized in Table 3.3. The isotacticity of the
fractions increases with the elution temperature up to the 110 °C fraction as one would expect,
confirming that the TREF of polypropylenes is mainly conducted on the basis of tacticity. Of
course, some dependence of fractionation on molecular weight is unavoidable, since there is
some coincidence between tacticity and molecular weight of polyprop§ftikis result is

in agreement with the results reported by Vivilel.[?®!

Table 3.3: GPC,*C NMR and DSC results of fractionation data of Z13, Z15 and 716 samples

Runs F(;aeit('f)” My | MMy | mmmme6 | Tm(C) | To (°C) | AHy (3/g) | Xo (%)
25 | 25677| 88| 350 : : : ;
60 | 107909 66| 54.0 1058 | 648 464 222
80 | 125876] 56| 67.0 1240 887 708  33.9
13 |90 | 130801 40| 680 13721460 1033 _ 96.7 463
100 | 143773] 40| 820| 147.4156.2 10756  83.9 4.2
110 | 373864 50|  92.0 156.4 | 113)6 1024  49.0
120 | 264008 42| 910 156.6 | 1120  117.8  56.1
140 | 212659 3.9 i 1528 | 1070  60.1] 28,8
25 | 21315| 81| 33.0 § : i i
60 | 30149| 52| 59.0 1124 | 780 497 238
80 | 49718 42| 72.0 1206 | 977 947 453
e |90 | 115130 41| 760 14101493 1084 _ 984 _ 47.
100 114 819 3.8 91.0 149.3-158.1 112.3 1127 58.9
110 130 212 4.3 95.0 158.3 115/9 122.2 58.5
120 | 122 118] 39|  94.0 158.9 | 1159 1421 68.0
140 | 83325| 38 ; 152.7 | 1036 571 273
25 5339 | 9.1 | 390 ; : : i
60 | 12343| 62| 63.0 1148 | 852 677 324
80 | 10951| 51| 78.0 1335 | 1039 796 381
716 90 21 468 4.5 89.0 144.6-151.4 112|1 120.9 57.9
100 | 60324| 40| 92.0| 151.2-1588 1150 12000  57.4
110 | 79819| 38| 97.0 150.0 | 1164 1326  63.4
120 | 83150| 43|  95.0 159.3 | 1186 1240  59.4
140 | 65919 3.7 i 155.0 | 108.8  59.8 286
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An interesting outcome of this analysis is that the isotacticity of the Z15 and Z16 fractions is
systematically slightly greater than that of Z13 fractions, at a given elution temperature. This
is illustrated in Figure 3.14, which shows the evolutiomoimm % pentads for fractions of

Z13, 715 and Z16 as a function of elution temperature. This is due to the higher isotacticities
of the original polymer samples of Z15 and Z16 over Z13 (87%, 88% and 55%, respectively,
as shown in Table 3.1). These results indicate that, conversely to what is sometimes
implicitly assumed, TREF does not essentially fractionate polyolefins as a function of chain
tacticity. In fact, it separates chains according to their ability to pack in a crystal having a
thickness determined by the temperature during crystallization. Therefore, only one regular
sequence of sufficient length is required to get a chain in a given TREF fr[é%lﬁm'pending

on whether the rest of the chain consists of regular sequences of similar or shorter lengths, the

average tacticity of the fraction will be larger or smaller.

100

mmmm %

Figure 3.14: Meso pentad percentagesnfnmm %) of Z13, Z15 and Z16 fractions vs. TREF elution

temperature.

3.3.2.1.2 Molecular weight and molecular weight distribution

The above results appear to indicate that tacticity alone does not determine the
crystallizability of polypropylene from solution, and that other factors may be involved.
Crystallization may start due to immobilization of a given chain of sufficient regularity and

length, and subsequent crystallization may then occur by chains that are chemically
dissimilar.
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Figure 3.15 shows the weight average molecular weight of the TREF fractions of Z13, Z15
and Z16 with respect to the TREF elution temperature. Table 3.3 and Figure 3.15 show that
there is a rather sharp increase in molecular weight for the samples eluting above 80 °C,
demonstrating that those chains that crystallize out of solution at high temperatures are of a
much higher molecular weight than those that crystallize out at low temperatures. What is
noted, however, is that while the increase in molecular weight of the polypropylene sample’s
fractions increases drastically from the 80 °C fraction to the 110 °C fraction, the
polypropylene sample’s fractions’ molecular weights increase over a broader range of
temperatures, from the 25 °C fraction to the 80 °C fraction, which shows that there is a
relationship between molecular weight and tacticity to some extent. It can also be seen that
the lower isotacticity fractions (i.e. these fractionated at lower temperatures) exhibited a lower
molecular weight. This indicates that those active sites that allow stereoerrors also allow

regioerrors (2,1-insertions, leading to dormant sites) and facile chain transfer.
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Figure 3.15: Evolution of molecular weight of TREF fractions of Z13, Z15 and Z16 vs. TREF elution
temperature.

Closer observation of Figure 3.15, reveals that there are significant differences between Z13,
Z15 and Z16. The curve representative of Z16 is shifted to a higher elution temperature
compared to that of Z13 and Z15. For a given elution temperature (given crystallizability),
molecular weight is systematically lower for Z16 than for Z13 and Z15. This means that
shorter chains of Z16 have thus the same crystallizability than longer chains of Z13 and Z15.

This behaviour reflects the effect of the difference in the reaction conditions used to produce
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these different polypropylene polymers, and which leads to different distributions of tacticity
as a function of the molecular weight. In other words, Z13, Z15 and Z16 do not have the same
intermolecular heterogeneity. From all the data obtained thus forfMMR and HT-GPC
characterization of the TREF fractions, we can say that the tacticity and the molecular weight
of the polypropylene fractions possibly play a major significant role in the fractionation
mechanism of TREF. This is in agreement with the results reported by other &tfthdré?

The polydispersity (PD) of the fractions (Figure 3.16) decreases as the fractionation
temperature increases, however, the polydispersity of each fraction (except the first one) is
considerably lower than that of the non-fractionated material (Tables 3.1 and 3.3). This
decrease is a further indication of the influence of the catalyst. Polypropylenes produced with
conventional heterogeneous Ziegler-Natta catalysts are characterized by broad molecular
weight distributions, ranging from 4 to 12, as a result of the existence of several types of sites
on these catalysts. Several authors report that these distributions can be sufficiently described
as superpositions of a series of narrower distributions, one for each type of catalytic site, with

each site type producing a Flory’s most probable chain-length distribution of dfdut 2.
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Figure 3.16: Polydispersity data for the TREF fractions of samples Z13, Z15 and Z16.

Interestingly, it appears that the active sites producing the material with the ability to
crystallize out of solution at higher temperatures are more uniform and therefore produce a

more uniform distribution of molecular species.
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3.3.2.1.3 Crystallinity and melting behaviour

Figure 3.17 presents a waterfall plot of the DSC melting endotherms for the fractions of
sample Z13. The data for samples Z15 and Z16 show similar trends. Figure 3.18 presents the
evolution of melting temperatures for Z13, Z15 and Z16 fractions as a function of elution
temperature. As can be seen from the DSC endotherms in Figures 3.17 and 3.18, as well as
the data in Table 3.3, there is a characteristic increase in the melting temperature of the
fractions with an increase in elution temperature. This trend is only observed up to a certain
point however (120 °C fraction in this case), thereafter there is a decrease in the peak melting
temperature for the highest temperature fractions. This clearly demonstrates that lamellar
thicknesses, corresponding to the fractions crystallized under given conditions, increase as a
function of elution temperature (or molecular weight) for all polymers, which is a clear
indication of the inter-molecular heterogeneity. However, slight differences between melting
temperatures of Z13, Z15 and Z16 fractions can be seen. Z16 fractions are characterized by
higher melting temperatures than the Z13 and Z15 fractions. These Z16 fractions are therefore
characterized, on average, by longer crystallizable sequences than equivalent fractions of
other samples. These results are in good agreement with the tacticity data obtaff@d by
NMR.
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Figure 3.17: Waterfall plot of the DSC melting endotherms for the fractions of sample Z13.
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Figure 3.18: Evolution of melting temperatures (T,) of TREF fractions of Z13, Z15 and Z16 samples
versus TREF elution temperature.

On the other hand, the double melting peaks observed in the DSC endotherms must also be
considered. There has been much discussion surrounding the cause of the multiple melting
endotherm&®2¢! Multiple melting endotherms could be the result of different polymorphic
forms, melting and recrystallization, segregation by tacticity or molecular weight, the melting

of different regions in the crystalline structure such as radial and transverse lamellae, or even
orientation effects. In this study, the most likely explanation for the double melting peaks is
the melting of daughter and mother lamellae, or melting of the so-called disordexed the

more perfecti, modifications.

If we now consider crystallization temperature, the differences between the equivalent
fractions of the three different samples Z13, Z15 and Z16 are generally maintained, as can be
seen in Figure 3.19, indicating that crystallization temperature is mostly dependent on
isotacticity. On the other hand, a slight decrease in crystallization temperature is observed for
the last TREF fractions of each sample. This is most likely caused by the restricted mobility

and lower tacticities of the long chains in these fractions.

According to Burfieldet al.®*"! crystallinity (AH.) is a better measure of isotacticity than
melting temperature. As shown in Table 3.3 and Figure 3.20, the degree of crystallinity of the
fractions does not increase as linearly in the series as does the melting temperature value. This
means that the fractions have been separated, not only according to average isotacticity, but
also according to lamellar thickness or the lengths of the crystallizable sequences in the
chains.
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The degree of crystallinity of the fractions increases with fractionation temperature over the
temperature range of the fractions, with the exception of the 100 °C fractions of samples 213
and Z16, which show a slight decrease (Figure 3.20). Figure 3.20 shows that there is a
significant decrease in the crystallinity for the 140 °C fractions of all samples. This could only
be due to the decrease in the isotacticity of these fractions. It is believed that the higher
crystallinity is due to the higher tacticity of the sample (as shown in Figure 3.21), allowing an
improvement in the crystallization of the chains, even the chains with higher molecular

weights. It is obvious that a balance must be struck in order to achieve the maximum degree

of crystallization.
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Figure 3.19: Evolution of crystallization temperature (T,) of Z13, Z15 and Z16 TREF fractions versus
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Figure 3.20: Degree of crystallinity of the TREF fractions of samples Z13, Z15 and Z16 versus TREF

elution temperature.
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Figure 3.21: Effect of isotacticity on the crystallinity degree of the TREF fractions of samples 213, Z15
and Z16.

Infrared spectroscopy (IR) is commonly used to study the conformational order of polymers.
For isotactic polypropylene, the majority of the absorption bands appearing in the frequency
region below 1470 cih belong to the regularity bands, and they are linked with
intramolecular vibration coupling in an individual ch&ft® The existence of these regularity
bands reflects the existence of helical sequences. FT-IR analyses were performed for all
TREF fractions.

The spectra of the TREF fractions of sample Z15 are shown in Figure 3.22 (the FT-IR data for
TREF fractions of samples Z13 and Z16 show similar trends). The absorption bands in the
structure range from 1350 to 1460 Gnand are characteristic of propylenic structures. The
ratio of the absorbances at 998 and 970" coharacterizes the crystalline form of
polypropylene and the ratio of the band at 1168 and the shoulder at 1155 ¢nis
influenced by the tacticity of the polypropylefi€*!!it can be seen from the Figure 3.22 that

the absorbance ratio R{¥Ag7¢) of TREF fractions increases with increasing elution
temperature, which illustrates that crystallinity increases with increasing elution temperature.
These results are in agreement with the results obtained using the DSC technique.
Furthermore, the absorbance ratio R¢AA11s9 of TREF fractions also increases with
increasing elution temperature, which means increasing isotacticity of the TREF fractions.

These results are also in agreement with the results obtained iGiRYIR.
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Figure 3.22: FTIR spectra of the TREF fractions of sample Z15.

3.3.2.1.4 Crystal phase analysis

Figure 3.23 illustrates the WAXD results for selected TREF fractions of sample Z15 which
had been analyzed in exactly the same way as the original samples, as described in Section
3.3.1.5. Figure 3.23 shows that only thecrystal form existed in all TREF fractions of
sample Z15. The main difference between the TREF fractions is the intensity of the peaks,
which is an indication of the crystallinity content of each fraction.
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Figure 3.23: Typical X-ray diffraction patterns of the different TREF fractions of the Z15 sample.
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3.3.2.2 Polypropylenes prepared with MPDMS as external donor

TREF analyses of the three isotactic polypropylenes Z8, Z9 and Z10, prepared in the presence
of MPDMS as ED, were carried out to determine the differences in their characteristics. Table
3.4 tabulates the TREF fractionation data of polypropylene samples Z8, Z9 and Z10 and
Figure 3.24 shows the TREF curves obtained. The addition of EDs to. {dgg@ported
Ziegler-Natta catalysts reduces the weight percentage of the fractions that eluted at lower
temperature and increase the weight percentage of fractions that eluted at higher temperature,
compared to those polymers made with no EDs. External and internal electron donors could
also have different influences on some fractiéfist is clear from Table 3.4 that the 25 °C
fraction amounts of samples Z8, Z9 and 210 (5.7, 6.8 and 7.5 wt %, respectively), which were
produced in the presence of MPDMS as ED, are significantly smaller than those obtained at
the same elution temperature of samples Z13, Z15 and Z16 (27.1, 11.4 and 11.3 wt %,
respectively), which were produced in the absence of any EDs. This shows that the addition of

an ED decreases the amount of atactic, non-crystalline material, as eXgSected.

Table 3.4: TREF fractionation data for the TREF fractions of samples Z8, Z9 and Z10

Te Sample Z8 Sample Z9 Sample 7210

C) (\rgvé) Wi% | ZW% | W%/AT (\r’nv;) Wi% | W% | W%/AT (\r’nvgtj) Wi% | ZW% | W%IAT

25 | 170 5.7 5.7 - 200 6.8 6.8 - 223 715 715 -

60 56 1.9 7.6 0.1 65 2.2 9.( 0.1 65 2.2 9.7 0.1
80 82 27| 10.3 0.2 88 3.0 120 0.2 93 3.1 1p.8 0}2
100 | 283 9.5| 19.8 0.5 298 10{1 22/1 0.% 311 105 23.3 0.5
110| 1041] 34.8§ 54.6 3.5 1127 38.0 60.1 3.8 1044 B5.2 B8.5 3.5
120 | 1189| 39.7 94.3 4.0 1095 37.0 97.1 3.1 1095 B6.9 P54 3.7
140 | 169 5.7 100.( 0.3 90 2.9 100.0 0.2 136 4.6 100.0 0.2

According to the graph of the (®/AT over the fractionation temperature range in Figure 3.24

(A) there is an increase in{W/AT for the first four fractions collected after the 25 °C fraction

and then a decrease for the last fraction. The graphs in Figure 3.24 (A) have similar
distributions but differ only slightly in the shape. This indicates that comparable types of
active sites exist in the catalyst in the presence of MPDMS, even when different amounts of
hydrogen are used. Figure 3.24 (B) illustrates the cumulative weight fraction percentage
versus the fractionation temperatures of the three polymers Z8, Z9 and Z10. The curves are

very similar, they differ only slightly in the range.
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Figure 3.24: TREF curves of samples Z8, Z9 and Z10: (A) Wi%T and (B) Wi %.

The weight fraction as a function of elution temperature is shown in Figure 3.25. The bar
graphs provide a clear and easy way to compare the samples. The graphs show that the three
samples have slightly different weight fraction distributions. More than 70 wt % of the
original material for all samples eluted in the two fractions at 110 and 120 °C. These results
are in agreement with the results reported by Mairal.”® They found that most of the
fractions of samples produced with supported heterogeneous catalysts in the presence of
different types of EDs eluted at 112 °C. This means that highly isospecific active sites are
only formed after the addition of Eé!
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Figure 3.25: Distribution of weight percentage of Z8, Z9 and Z10 fractions vs. elution temperature (°C).

3.3.2.2.1 Microstructure

The *C NMR data of the TREF fractions of Z8, Z9 and Z10 samples are summarized in
Table 3.5. The meso pentad percentagasnim %) of the Z8, Z9 and Z10 fractions vs.
TREF elution temperature are shown in Figure 3.26. Table 3.5 and Figure 3.26 show that
isotacticity of the fractions increases with the elution temperature, as exfgttethe

overall isotacticity of the TREF fractions was increased by the addition of EDs to,MgCl
supported Ziegler-Natta catalysts. This is clearly seen when we compare the results of the
TREF fractions eluted from polypropylene samples produced without any EDs (Table 3.3 and
Figure 3.14) to the TREF fractions that eluted in the presence of electron donors (Table 3.5
and Figure 3.26). These results indicate that EDs can convert aspecific active sites into
different isospecific active sites and the conversion is related to the structure of internal
electron donors. The electron donors reduce the weight percentage of the fractions eluted at
lower temperature and increase the weight percentage of fractions having high isot&tticity.

Xu et al.®illustrated that all polypropylene samples produced with different catalysts eluted
in the same temperature range and that electron donors only changed the distributions of

polypropylene in this range.
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Table 3.5: GPC,**C NMR and DSC results of fractionation data of 28, Z9 and Z10 samples

RUNS F(rTi‘i,t('g’)” My | Mo/Mn| mmmm% | Tw(°C) | Te(°C) | AHm (3/g) | Xe (%)
25 | 16474| 143| 450 ; ; ; ;
60 | 15970| 56 59.0 116.7 | 844 244 117
80 | 18986| 3.9 63.0 1316 | 1003 539 258
78 [ 100 | 28270| 2.4 840 | 148.9-154.7 1115 837  40.1
110 | 126452 3.2 94.0 157.3| 115]8 1038 49.4
120 | 178423 35 96.0 1586 | 116]3 1060  51.2
140 | 80155| 25 99.0 156.8 | 1143 836  40.0
25 7194 | 8.7 48.0 ; ; ; ;
60 | 11467| 42 64.0 1172 | 870 375 180
80 | 14126| 3.3 80.0 1343 | 10208 551 264
79 [ 100 | 25918| 2.4 93.0 | 1495-154.3 1130 874  4L7
110 | 110387] 3.4 98.0 158.7| 118/4  110.7  53.0
120 | 173434 3.2 98.0 1595 | 117)]8 1028 49.0
140 | 82736| 26 99.0 1553 | 1136 769 368
25 5187 | 7.2 51.0 : : ; §
60 | 16180| 69 61.0 1191 | 914 349 167
80 9204 | 3.0 72.0 1351 | 1025 679 325
710 [ 100 | 21739| 25 850 | 149.2-1545 1113  87.6 419
110 | 9259 | 35 93.0 1579 | 1172 1104  52.7
120 | 114747 3.2 94.0 159.9 | 1192 1010 48.4
140 | 71010] 25 94.0 1555 | 1131 704 336
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Figure 3.26: Meso pentad percentagesnfnmm %) of Z8, Z9 and Z10 fractions vs. TREF elution

temperature.

The isotacticity of the first four fractions of Z9 and Z10 samples are slightly greater than the

Z8 fractions, as shown in Figure 3.26 and Table 3.5. This is due to the higher isotacticities of
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the original polymer samples of Z9 and Z10 compared to Z8 (97%, 96% and 94%,
respectively). See Table 3.1

3.3.2.2.2 Molecular weight and molecular weight distribution

Figure 3.27 shows the weight average molecular weight of TREF fractions of the Z8, Z9 and
Z10 samples with respect to the TREF elution temperature. Table 3.5 and Figure 3.27 show

that there is a quite sharp increase in molecular weight of the samples eluting above 100 °C.
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Figure 3.27: Evolution of molecular weight of TREF fractions of Z8, Z9 and Z10 vs. TREF elution

temperature.

Figure 3.27 also shows that there is a significant difference between the curves of Z8, Z9 and
Z10. The curve representative of Z10 is shifted to a higher elution temperature compared to
the curves of Z8 and Z9. For a given elution temperature (fraction 120 °C), the molecular
weight of the Z10 fraction is notably lower than the molecular weights of the Z8 and Z9
fractions. This means that shorter chains of Z10 have the same crystallizability as longer
chains of Z8 and Z9. An explanation for this is that the Z8, Z9 and Z10 samples do not have
the same inter-molecular heterogeneity.

Figure 3.28 shows the PD values of each fraction of the Z8, Z9 and Z10 samples. The PD of
the fractions tends to decrease as the elution temperature increases; however, the PD of each
fraction (except the first one) is considerably lower than that of the non-fractionated material
(Tables 3.1 and 3.3).
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Figure 3.28: Polydispersity data for the TREF fractions of samples Z8, Z9 and Z10.

3.3.2.2.3 Crystallinity and melting behaviour

Figure 3.29 presents a waterfall plot of the DSC melting endotherms for the fractions of
sample Z9. The data for samples Z8 and Z9 show similar trends. Figure 3.30 presents the
evolution of melting temperatures for Z8, Z9 and Z10 fractions as a function of elution
temperature. As can be seen from the DSC endotherms in Figures 3.29 and 3.30, as well as
the data in Table 3.5, there is a characteristic increase in the melting temperature of the
fractions with an increase in elution temperature (except the last fraction). This clearly
demonstrates that lamellar thicknesses, resultant of the fractions crystallized under given
conditions, increase as a function of elution temperature (or molecular weight) for all
polymers, which is a clear indication of the inter-molecular heterogeneity. However, slight
differences between melting temperature of polymer fractions can be seen. The Z10 fractions

are characterized by slightly higher melting temperatures than the Z8 and Z9 fractions.

Upon comparing the melting temperatures of the 213, Z15 and Z16 fractions, obtained in the
absence of any EDs (Table 3.3, and Figures 3.17 and 3.18), to the melting temperatures of the
Z8, Z9 and Z10 fractions, obtained in the presence of MPDMS (Table 3.5, and Figures 3.29
and 3.30), we notice that in the absence of MPDMS, the melting temperatures of the fractions
are generally slightly lower. Besides, the addition of MPDMS leads not only to the
disappearance of the low melting temperature peak, but also to the appearance of a high
melting temperature shoulder peak. Clearly the low stereospecific sites were converted into
high stereospecific by the addition of MPDMS as ED.
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Figure 3.29: Waterfall plot of the DSC melting endotherms for the TREF fractions of sample Z9.
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Figure 3.30: Evolution of melting temperatures (T,,) of TREF fractions of Z8, Z9 and Z10 samples versus
TREF elution temperature.

The crystallization temperatures of different TREF fractions of the three different samples Z8,
Z9 and Z10 increase with increasing elution temperature, as can be seen in Figure 3.31. This
indicates that the crystallization temperature is dependent on isotacticity. A slight decrease in

crystallization temperature is observed for the last TREF fractions of each sample. This is
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most likely caused by the restricted mobility and lower tacticities of the chains in these

fractions.
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Figure 3.31: Evolution of crystallization temperature (T) of Z8, Z9 and Z10 TREF fractions versus TREF

elution temperature.

The degree of crystallinity of the fractions of samples Z8, Z9 and Z10 also increases with
increasing fractionation temperature over the temperature range, as can be seen in Figure
3.32. However, there is a remarkable decrease in the crystallinity of the last fractions of all
samples. The reason for this could only be due to the dramatic decrease in the molecular
weight of these fractions, as can be seen in Table 3.5.
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Figure 3.32: Degree of crystallinity of the TREF fractions of samples Z8, Z9 and Z10 versus TREF elution

temperature.
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When considering the effect of both molecular weight and isotacticity on the crystallinity of

TREF fractions of samples Z8, Z9 and Z10 (see Figures 3.33 and 3.34, respectively) it is
noticeable that there is a sharp increase in the crystallinity with increasing the molecular
weight in the low molecular weight fractions, which would appear to be the main driving

force behind the improvement in crystallinity. This may be because most of the stereoerrors
occur in the initial stages of chain growth (note the increased amount of stereoerrors in the
first fractions that have lower molecular weights), thus most of the stereoerrors are located at

the chain ends, which are usually excluded from the crystalline areas.
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Figure 3.33: Effect of molecular weight on the degree of crystallinity of the TREF fractions of samples Z8,

Z9 and Z10.
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Figure 3.34: Effect of isotacticity on the degree of crystallinity of the TREF fractions of samples Z8, Z9
and Z10.
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It is also noticeable that there is generally a linear increase over a wide range of crystallinity
with increasing tacticity, as can be seen in Figure 3.34. This also indicates that the
fractionation process is dependent on the tacticities and molecular weights of the polymers. It
is obvious here that a balance must be struck in order to achieve the maximum degree of

crystallization.

3.3.2.2.4 Crystal phase analysis

Figure 3.35 shows the WAXD results for selected TREF fractious of sample Z10 which was
produced in the presence of MPDMS. This sample was analyzed in exactly the same way as
the samples described in Sections 3.3.1.5 and 3.3.2.1.4. The figure shows that only the

crystal form is present in all TREF fractions of sample Z10.
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Figure 3.35: Typical X-ray diffraction pattern of different TREF fractions of the Z10 sample.

3.3.2.3  Polypropylenes prepared with DPDMS as external donor

TREF analyses of two different isotactic polypropylenes Z4 and Z5, produced in the presence
of DPDMS as an ED, were carried out to determine the differences in their characteristics.
Table 3.6 tabulates the TREF fractionation data of polypropylene samples Z4 and Z5. The
TREF curves obtained of these polymers are illustrated in Figure 3.36. As discussed in
Section 3.3.2.2, the addition of electron donors (DPDMS in this case) to ¥dg@ported

Ziegler-Natta catalysts reduces the weight percentage of the fractions that elute at lower
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temperature and increase the weight percentage of fractions that elute at higher temperature.
This confirms that the addition of an ED results in a significant decrease in the amount of
room temperature fractioffs!

Table 3.6: TREF fractionation data for the TREF fractions of samples Z4 and Z5

T (°C) Sample Z5 Sample Z4

Wt (mg) | W% | TW;% | W,%/AT | Wt (mg) | W% | IW% | W,%/AT
25 168 5.6 5.6 - 232 7.7 7.7 -
60 54 1.8 7.4 0.1 52 1.7 9.4 0.1
80 75 2.5 9.9 0.1 58 1.9 11.3 0.1
100 233 77| 176 0.4 251 8.3 19.6 0.4
120 2053 | 68.4] 86.0 3.4 2 103 70)0 89.6 3.5
140 424 14.0| 100.0 0.7 356 11.4 100/0 0.6

According to the curves of the WI/AT over the fractionation temperature in Figure 3.36 (A)

it is obvious that there is an increase iPAMAT for the first four fractions collected after the

25 °C fraction and then a decrease for the last fractions of both samples Z4 and Z5.
Furthermore, the two curves in Figure 3.36 (A) have similar distributions and shapes. This
means that comparable types of active sites exist in the heterogonous catalysts in reactions
carried out in the presence of DPDMS and with different amounts of hydrogen. Similar
results were obtained in the case of MPDMS. Figure 3.36 (B) illustrates the accumulative

weight fraction percentage versus the fractionation temperatures of the Z4 and Z5 samples.
The curves are very similar.

Figure 3.37 shows the TREF distribution profiles for polymers Z4 and Z5. Subtle yet clear
differences are visible, particularly with respect to the soluble fractions, and the 120 °C and
140 °C fractions. This was in line with what was expected, as these polymers are different
with respect to tacticity, molecular weight and molecular weight distribution.
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Figure 3.36: TREF curves of samples Z8, Z9 and Z10: (A) Wi%T and (B) Wi %.
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Figure 3.37: Distribution of weight percentage of Z4 and Z5 fractions vs. elution temperature (°C).
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3.3.2.3.1 Microstructure

The'*C NMR data for the TREF fractions of the Z4 and Z5 samples are summarized in Table
3.7. The isotacticityrimmm %) of the Z4 and Z5 fractions vs. TREF elution temperature is
shown in Figure 3.38. Other researchers have clearly demonstrated that for polypropylene the
TREF profiles qualitatively reflect the distribution of isotacticity, with isotacticity increasing
almost linearly with the elution temperatlft&*” Table 3.7 and Figure 3.38 show that both Z4

and Z5 samples are composed of fractions with very different tacticities, ranging from rather

atactic (elution temperature 25 °C) to highly isotactic (elution temperature 140 °C).

Table 3.7: GPC,**C NMR and DSC results of fractionation data of Z4 and Z5 samples

Runs F(E‘i,tg” Mw | MMy | mmmm% | Tm(°C) | Te (°C) | AHm (I/g) | Xo (%)
25 9993 | 334 8.0 : : : :
60 18156 | 4.3 57.0 112.0 780 210 100
L |80 11696 5.9 63.0 129.0 96.0  39.3 190
100 | 34454| 2.7 890 | 150.0-161.0 1120 956  46.0
120 | 207823 2.9 96.0 161.0| 1180 103.p  49.0
140 | 155483 28 99.0 1580 116/0 884  42.0
25 8396 | 25.7 48.0 i i i :
60 16375 104 59.0 114.0 840 242 120
4 |80 14655 7.3 64.0 1320 | 1020  49.8 24,0
100 | 25109| 2.6 93.0 | 148.0-157.0 1110 912  44.0
120 | 195693] 43 98.0 1600 | 116l0 1197  57.0
140 | 142342 3.6 99.0 158.0 | 1140 1021 49.0
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Figure 3.38: Isotacticity (nmmm %) of Z4 and Z5 fractions vs. TREF elution temperature.
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An interesting outcome of this analysis is that the isotacticity of the Z4 fractions are
systematically slightly greater than those of the Z5 fractions, at a given elution temperature.

This is in spite of the tacticity of the Z5 parent polymer being higher than that of the Z4 parent
polymer (Table 3.1).

3.3.2.3.2 Molecular weight and molecular weight distribution

Table 3.7 and Figure 3.39 show that the molecular weight of the fractions increases with the
elution temperature. This indicates that, there exists a coincidence between molecular weight
and tacticity to some extent, the molecular weights of the lower isotacticity fractions (i.e.
fractionated at lower temperatures) also exhibited a lower molecular weight. This is in
agreement with results reported by other authgfs™=?
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Figure 3.39: Evolution of molecular weight of TREF fractions of Z4 and Z5 samples vs. TREF elution

temperature.

The PD of the TREF fractions of samples Z4 and Z5, on the other hand, tends to decrease as
the elution temperature increases, as shown in Figure 3.40. The values are all relatively low
(except the 25 °C fraction, which has high PD), as one would expect from TREF fractions

where only small quantities of a polymer are isolated.
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Figure 3.40: PD values of the TREF fractions of samples Z4 and Z5.

3.3.2.3.3 Crystallinity and melting behaviour

As discussed in Section 3.3.2.2.3, the melting temperature, crystallization temperature and
degree of crystallinity of the TREF fractions of samples Z4 and Z5, according to DSC data,

increase with increasing elution temperature, as shown in Figures 3.41, 3.42 and 3.43,
respectively. This indicates that lamellar thicknesses, resultant of the fractions crystallized

under given conditions, increase as a function of elution temperature for both polymers, which
is a clear indication of the inter-molecular heterogeneity.
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Figure 3.41: Evolution of melting temperatures (T,,) of TREF fractions of Z4 and Z5 samples versus

TREF elution temperature.
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However, slight differences in the melting and crystallization temperatures, and degree of
crystallinities, of the TREF fractions, between the Z4 and Z5 can be seen. This is due to the
characteristic differences between the Z4 and Z5 parent polymers (Table 3.1).

—&—75
120 - O~ Z4

o

110

100

90

80

Crystallization temperature (€)

~
=}

T
60 80 100 120 140
T.(©)

Figure 3.42: Evolution of crystallization temperature (Tc) of Z4 and Z5 TREF fractions versus TREF

elution temperature.
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Figure 3.43: Degree of crystallinity of the TREF fractions of samples Z4 and Z5 versus TREF elution

temperature.

As mentioned in the case of using MPDMS in Section 3.3.2.2.3. It is clear that there is a sharp
increase in the crystallinity with increasing molecular weight in low molecular weight

fractions (Figure 3.44). It appears that molecular weight is the main factor that influencing the
crystallinity in these fractions.
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Figure 3.44: Effect of molecular weight on the crystallinity degree of the TREF fractions of samples Z4
and Z5.

A linear increase over a wide range of crystallinity with increasing tacticity is observed
(Figure 3.45). This is a clear indication that the fractionation process is dependent on the
tacticities and molecular weights of the polymers. It is obvious here that a balance must be

struck in order to achieve the maximum degree of crystallization.
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Figure 3.45: Effect of isotacticity on the crystallinity degree of the TREF fractions of samples Z4 and Z5.

3.3.2.3.4 Crystal phase analysis

For all the crystalline TREF fractions of sample Z4, WAXD analyses revealed only the
presence of the crystalline form, as illustrated in Figure 3.46. These results are similar to

those results reported in Section 3.3.2.2.4.
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Figure 3.46: Typical X-ray diffraction pattern of different TREF fractions of the Z4 sample.

3.4 Conclusions

Using a Ziegler-Natta catalyst system under various conditions, it was possible to produce
polymer samples that varied widely in terms of tacticity and molecular weight. Preparative
TREF was used to obtain polymer fractions of well-defined structure in terms of molecular
weight, molecular weight distributions and tacticity. It is obvious that the polymerization
conditions play a major role in the production of materials with distinct differences in their
composition. There are a number of different ways to control the composition of the polymers
produced using these catalysts, and therefore the microstructure and the properties can be
tailored via the polymerization conditions to obtain polymers with certain characteristics. The
conditions can essentially be tailored to adapt a certain application for which the material is

required.

Firstly, regarding the use of molecular hydrogen as a terminating agent to control the
molecular weights of the produced polymers, a decrease in molecular weight with increasing
hydrogen concentration was observed. It was noted that the addition of even a small amount
of hydrogen can cause a significant drop in the molecular weight of the chains. A sharp
increase in the degree of crystallinity of the chains was also noticed upon
increasing the amount of hydrogen. This was due to the lower molecular weight, which makes
the motion of chain molecules easier, allowing the reorganization of the chains in order for
the polymers to crystallize more perfectly. It is also possible that the tacticity of the chains
was improved slightly as the amount of hydrogen was increased due to increased chain
transfer to hydrogen after 2,1-insertions, therefore forming chain ends rather than

incorporating defects into the chains. This improves the overall chain stereoregularity.
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The effect of the type of ED was also investigated. The presence of EDs in-slgiibrted
catalyst systems for polypropylene polymerizations play an essential role in determining not
only the isotacticity but also the polymer yield, molecular weight and molecular weight
distribution. These factors are interrelated and, to a large extent, are dependent on the
regioselectivity and stereoselectivity of the active species, which can change during chain
growth depending on the nature of donor coordination in the environment of the active
species. The catalyst with MPDMS as an ED is a bit more active than in the case where
DPDMS was used, in the absence of hydrogen. This is most probably due to the decreased
steric bulk of the methyl group of MPDMS compared to the phenyl group of DPDMS. This
has the effect that the active sites protected by the ED are less hindered than those with
DPDMS in the vicinity. The stereospecificity of the sites shows various results dependence on
the amount of hydrogen that used in the propylene polymerization reaction, which shows that
the two EDs have different responses to the molecular hydrogen. This can also be seen in the
case of the molecular weight, which decreases when MPDMS is used. In general, the isotactic
stereoregularity of the polymers produced in the presence of the two EDs indicates a high
proportion of isotactoid sequences. It is likely that the EDs are easily displaced from the
catalyst surface, giving a relatively labile coordination. This will possibly lead to the
formation of highly isospecific active sites on the catalyst surface. On other hand, the
crystallinty of the polymers produced using MPDMS is slightly higher than those produced
using DPDMS. Differences in the type of ED and the amount of molecular hydrogen used

clearly result in differences in the microstructure of the produced polymers.

TREF can be used to fractionate polypropylene polymers into any number of fractions
desired, depending on the minimum mass of the fractions needed for the necessary analyses.
TREF gave a good recovery percentage of above 99 wt %. TREF fractionation of the samples
showed that the samples produced without any ED eluted mainly in the 100 and 110 °C
fractions, while the samples produced using DPDMS and MPDMS eluted mainly in the 110
and 120 °C fractions. Furthermore, the weight fraction results showed that polymers produced
using the two EDs, have significantly lower weight percentage fractions for the room
temperature fraction than those produced without any ED. It appeared that DPDMS had more
influence on the active sites, producing chains that eluted in the lower temperature fractions
than in the case of the MPDMS, i.e. DPDMS is better at changing the active sites to those of
increased stereospecificity than MPDMS is. The molecular weight of the fractions increased
significantly for all samples after the 100 °C fraction, irrespective of ED type. This is a clear

indication that the molecular weight plays a significant role in the fractionation mechanism of
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TREF. There are fractions present with negligible differenceanimm pentad content that

elute in consecutive fractions.

In the case of the PD of the TREF fractions, it was clear that the lower temperature fractions
have a broader distribution of molecular weight chains than the higher temperature fractions.
Overall, the PD of the TREF fractions tends to decrease as the elution temperature increases.
The values are all relatively low (the exception being the 25 °C fraction, which has a high
PD), as one would expect from TREF fractions where only small quantities of a polymer are
isolated. The isotacticity of the fractions also increases with the elution temperature. The
overall isotacticity of the TREF fractions can be increased by the addition of electron donors
to MgCl-supported Ziegler-Natta catalysts. This is quite clear if we compare the results of the
TREF fractions eluted from polypropylene samples produced without any electron donors
(Table 3.3 and Figure 3.14) to the TREF fractions that eluted in the presence of two different
external electron donors (Tables 3.5, 3.7 and Figures 3.26, 3.38). These results indicate that
electron donors can convert aspecific active sites into different isospecific active sites, and

that the conversion is related to the structure of internal electron donors.

In general, the thermal properties in terms gf Th, and degree of crstallinity of the TREF
fractions improved with fractionation temperature, up to the 120 °C fractions, for all fractions
produced in the presence and absence of EDs, after which there was a slight decrease in the
properties due to the co-crystallization of material trapped during the TREF crystallization

process.

Only the a crystal form existed in all TREF fractions of different samples. The main
difference in thex crystal peaks of the various TREF fractions was the strong diffraction of

these peaks, which depends on the crystallinity content of each fraction.
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CHAPTER 4

Fractionation and crystallization of isotactic polypropylenes
prepared using homogenous metallocene catalysts

4.1 Introduction

Metallocene catalyst systems have been around for just as long as the Ziegler-Natta
systemd! Metallocenes are special members of a class of organometallic compounds. They
are activated with methylaluminoxane (MAO) to form single-site catalyst systems that are
effective for a-olefin polymerization. These catalysts produce polymers with uniform and
controlled properties. Chiral metallocene catalysts possessiagn@netry have been widely
studied in order to optimize, and to better understand, their ability to catalyze the
stereoregular polymerization of propyléﬁ@.Ansa G-symmetric metallocene catalysts are
highly isoselective in propylene polymerization and have high activity. This allows for their
use in most industrial applications for the production of polypropylene homopolymers and
polypropylene copolymers. Control of the molecular weight of polymers produced-by C
metallocene catalysts can be easily achieved by introducing hydrogen to the polymerization
system or by increasing the reaction temperature. Unlike conventional Ziegler-Natta catalysts,
metallocenes require only small amounts of hydrogen to significantly reduce the molecular
weight of polymer produced.

This chapter reports on propylene polymerization and analysis of the microstructure,
molecular weight, molecular weight distribution and thermal properties of these polymers
produced usingac-ethylene-bis(indenyl) zirconium dichloride, Et(lag)Cl, (El), andrac-
ethylene-bis(4,5,6,7-tetrahydro-1-indenyl) zirconium dichloride, Et(H4En@), (ElI(4H))

(Figure 4.1 A and B) as metallocene catalysts in the absence and presence of molecular
hydrogen as transfer agent. In order to establish a correlation between the molecular weight
and the crystallization of these polymers, fractionation of the materials according to their
crystallizability was performed by means of TREF. This affords the opportunity for blending
materials of differing molecular weight but similar symmetry. In addition, a full fractionation
and characterization of a commercial syndiotactic polypropylene was carried out in order to

obtain different fractions with different tacticities and molecular weights.
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Figure 4.1: (A) rac-Et(Ind) ,ZrCl , (El) and (B) rac-Et(H4Ind) ,ZrCl , (EI(4H)).

4.2 Experimental

4.2.1 Material

Propylene was obtained from Sigma-Aldrich and used as received. High purity argon and
hydrogen were obtained from Afrox (South Africa). Toluene (Sigma-Aldrich) was dried by
refluxing over sodium/benzophenone and then distilling under an inert gas atmosphere. MAO
was purchased from Sigma-Aldrich (10 wt % solution in toluene) and used as received. The
catalysts used in this chapter, El and EI(4H), were obtained from Sigma-Aldrich and used as
received. Metallocene catalysts comprising group 4 metallocene complexes and MAQO are air
and moisture sensitive, and thus experiments must be performed under an inert atmosphere
and in dry solvents. Syndiotactic polypropylene was obtained from Sigma-Aldrich and used
as received for the fractionation.

4.2.2 Polymerization

All reactions were carried out under an inert gas atmosphere using standard Schlenk
techniques. The polymerization reactions were carried out in a 350-ml stainless steel Parr
autoclave with an inlet and a pressure gauge. Typically, the reactor was charged with MAO
(10 wt % solution in toluene), catalyst (0.55 pmol in 5 ml toluene) and toluene (30 ml). The
catalyst solution was stirred for 5 minutes and then the monomer was added. The reactor was
pressurized with hydrogen and the content stirred for 1 hour at room temperature. The

following polymerization conditions were used for all reactions:
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» the catalyst/MAO ratio was kept at 1:2000,

* 4-5 g propylene was used,

» all reactions were carried out at room temperature, and

» different amounts of hydrogen were used as terminating agent to control the molecular
weight.

After 1 hour the reaction was quenched with 10% HCI/MeOH. The resulting polymer was
filtered off, washed several times with methanol and then dried under vacuum at 80 °C for 15

hours to yield about-24 g of polypropylene as a white powder.

4.2.3 TREF procedure

The general TREF procedure is described in Chapter 3 (Section 3.2.3).

4.2.4 Characterization techniques

The *C NMR, HT-GPC, DSC, WAXD and FT-IR data of samples were obtained according
to procedures described in Chapter 3 (Section 3.2.4).

4.3 Results and discussion

4.3.1 Characterization of the non-fractionated polypropylenes

The characteristics of the polypropylenes prepared using El and EI(4H) metallocene catalysts
in the absence and presence of different amounts of molecular hydrogen are summarized in
Table 4.1. The samples prepared using El catalyst were coded as EIP15-1 in Table 4.1, while
the samples prepared using EI(4H) were coded as D9-3. The catalysts activities,
microstructures, molecular weights, molecular weight distributions, melting points and
percentage of crystallinity observed in polypropylenes prepared in the absence and presence

of hydrogen, with full explanations, will be the subjects of the following sections.
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Table 4.1: Results of propylene polymerizations carried out with El and EI(4H) catalyst systems using

various concentrations of hydrogef”

Tm Te | AHLE | X

Run (W't"g/o : Activity? | My | Mw/M, | mmmm %' O | €O | W | e
EIP15 0.0 1073 44 202 2.2 94.0 138.2 108.0 94.3 45.1
EIP14 0.3 1879 19 232 1.9 93.8 137.6 108.2 107.4 bl.4
EIP13 0.7 1990 9901 2.0 89.0 132.2 10R.7 955 457
EIP12 1.0 2528 10 92p 2.0 89.5 137.5 108.9 106.7 bH1.1
EIP11 1.3 2737 9 959 1.9 90.1 137.5 110.0 102.6 49.1
EIP10 1.7 2041 10 240 2.0 90.0 138.1 109.9 1(08.3 p1.8
EIP2 2.0 2 344 3 738 2.2 88.7 135.7 106.8 103.5 49.5
EIP1 2.3 2 062 4 517 2.0 84.3 135.2 106.2 103.6 495

D9 0.0 1785 24 809 2.0 88.0 138.0 10Yy.7 87Y.4 41.8
D8 0.3 2171 7 188 2.0 85.8 137.2 1044 96.9 46.4
D7 0.7 2191 5 262 1.9 85.1 135.0 102.8 101.4 485
D6 1.0 2 235 4 369 1.9 81.9 135.6 105.8 102.4 49.0
D5 1.3 2 287 3290 1.8 79.0 132.0 99.8 79.4 38.0
D4 1.7 2 151 2 825 1.8 77.7 132.1 1024 949 454
D3 2.0 2424 2 244 1.7 70.3 127.3 958 81.7 39.1

& Al/Zr ratio 1:2000
® room temperature (25 °C)

¢ (g Hy/g propylene) x 100

4 (kg PP/(mol Zr.h))

¢ determined by GPC

" determined by*C NMR

9 determined by DSC

" AHm = 209 J/g of PP 100% crystallinfity

4.3.1.1 Activity

Table 4.1 and Figure 4.2 show that, as expected, the presence of hydrogen caused an increase
in polymerization activity for El and EI(4H) catalysts. The most common explanation of this
activating effect is the regeneration of an active species from the "dormant sites" formed after
a regio-irregular olefin insertion (2,1-insertidfi§! The chain transfer from a Zr-2,1-unit to
hydrogen is about twice as fast as 1,2-insertion of propylene into this unit. Moreover,
polymerization activity for El increased (up to 2.5-fold in presence of 1.3 wt % hydrogen),
from 1 073 to 2 737 kg PP/(mol Zr.h), while in the case of EI(4H) the polymerization activity
increased only up to 1.5-fold in presence of 2.0 wt % hydrogen (from 1 785 to 2 424 kg
PP/mol Zr.h). The increased activity of the El catalyst compared with the EI(4H) catalyst was
expected, but the greater effect of hydrogen on the activity for the former catalyst can not be
explained. What is noticeable is that the increased activity with increasing hydrogen content is
maintained to higher levels of hydrogen for the EI(4H) catalyst than for the El catalyst.
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Figure 4.2: Catalyst activities of El and EI(4H) in the presence different amounts of hydrogen.

4.3.1.2 Microstructure

The microstructures of the isotactic polypropylene samples were analyzed by sbigtion
NMR. The isotacticity (measured asnmm %) is affected by hydrogen. Conflicting results
have been reported for different systems. Tsuesudl.” reported a slight decrease in
stereoregularity, from 91.7 to 89.0 ®#n triads, for theac-C,H4(1-Ind)%LZrCl,/MAOQO catalyst
system. A stronger negative effect was found for bis(2-arylindenyl)Zr/MAO catalysts by Lin
and Waymouti:” No effect of hydrogen on isotacticity has been found in liquid propylene at
50 °C with therac-Me,C(3-t-Bu-1-Ind}-ZrCl,/MAO catalyst systerft! Carville et al.? also

reported that low hydrogen levels do not influence tacticity.

In the present study, under similar polymerization conditions, the isotacticity of
polypropylenes produced by both catalysts is decreased, as can be seen in Figure 4.3. Table
4.1 and Figure 4.3 also show that there is a difference in tacticities of the polypropylene
polymer prepared using the two different catalyst systems. The tacticityr¢f]) of the
polymers produced using the EI(4H) catalyst system decreased significantly (from 88.0 % in
the absence of hydrogen to 70.3 % in the presence of 2.0 wt % hydrogen), while in the case of
the El catalyst system the decrease was somewhat less (from 94.0 % in the absence of
hydrogen to 84.3 % with 2.3 wt % hydrogen). The decrease in the isotacticity of these
polymers is due to the increase of stereo-irregular pentatand], [mmrr] and [mrrm],

which could be attributed to the decreasing stereoselectivity of the catalyst with an increasing
the amount of hydrogen. The decrease in the isotacticity can also be attributed to the
decreasing molecular weights of these polymers with increasing hydrogen, which leads to loss

in the active site control over the chain propagation.
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Figure 4.3: Dependence of the isotacticity of polypropylenes on the hydrogen content for El and EI(4H)

catalysts.

4.3.1.3 Molecular weight and molecular weight distribution

In general, and as can be seen from Table 4.1, the molecular weights of polypropylenes
prepared with the EI(H4) catalyst are much lower than those prepared with the El catalyst

under our experimental conditions used. This suggests that EI(H4) has a stronger tendency to
undergo chain transfer reactions (under such conditions) because of the electronic structure of
its hydrogenated ligands’ On the other hand, Table 4.1 and Figure 4.4 show that, as

expected, the presence of a small amount of hydrogen caused an remarkable reduction in

polymer molecular weights in the cases of both catalw_1;§4 44 202 g mot in the absence

of hydrogen toM_Wz 19 232 g mot in the presence of 0.3 wt % of hydrogen in the case of El
catalyst and from 24 809 g b 7 188 g matin the case of EI(4H) catalyst). This decrease

in the molecular weight can be explained as a result of an increase of chain termination by

hydrogen. Of note here is that the EI(4H) catalyst seemed far more sensitive to low amounts

of hydrogen than the El catalyst. It can also be seen in Figure 4.4 that the molecular weight of

polypropylenes produced in the presence of hydrogen decreases to a certain level and then
remains constant, or slightly decreases, by further increasing the hydrogen amount, which is

dependent on the nature of the catalyst.
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Figure 4.4: Dependence of molecular weight of polypropylenes produced using El and EI(4H) catalysts on

the hydrogen content.

Consistent with the literature valués™ the polypropylenes produced with the EI(H4)
catalyst system showed slightly narrower molecular weight distributions than those produced
with the El catalyst system (WM, = 1.7/2.0 and 1.92.2, respectively, as shown in Table
4.1). The fact that the molecular weight distribution of polypropylenes is narrower in the case
of EI(4H), catalyst and corresponds to Schulz-Flory molecular weight distributions, strongly
suggests that the catalytically active sites of EI(4H) are more uniform; i.e., only one type of
active species exists in the reaction system for the polymerization reactions of EI(4H)
catalyst’® Nevertheless, the molecular weight distributions of both catalysts are very
characteristic of single-site catalysts, which produce polymers with uniform molecular
weights.

4.3.1.4 Crystallinity and melting behaviour

Table 4.1 gives the results of the DSC analyses of the polypropylenes, with and without
hydrogen, produced with the bridged El and EI(4H) catalysts. The degree of crystallinity was
calculated by recording the ratio of the measured heat of fusion to that of a standard of known
crystallinity. The heat of fusion of a perfect polypropylene crystal, used in the determination
of the crystallinity, was taken as 209 5ig.

Figure 4.5 presents a waterfall plot of the DSC melting endotherms for the polypropylenes
produced using EI(4H) metallocene catalyst (the data for polypropylenes produced using El
catalyst show a slightly uneven trend). The melting temperatyjeoffthe obtained polymer

produced when using El catalyst in the absence of hydrogen (138.2 °C) is slightly higher than
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those obtained using different amounts of hydrogen (135.2 °C in the presence of 2.3 wt % of
hydrogen), while the melting temperature of the polymer produced using El(4H) catalyst in

the absence of hydrogen (138.0 °C) is significantly higher than those produced using different
amount of hydrogen (127.3 °C in the presence of 2.0 wt % hydrogen) . This decrease in the

melting points could be due to the amount of misinsertions and the low molecular weight of
ponpropernesM_W: 4 512 and 2 244, respectively), which is usually caused by performing

the polymerizations in the presence of 2.3 and 2.0 wt % hydrogen.

Heat Flow (W/g)

——— D9 with No H2

——— D8 with 0.3 wi% H2
254 ——— D7 with 0.7 wi% H2
——— D6 with 1.0 wt% H2
——— D5 with 1.3 wt% H2
——— D4 with 1.7 wi% H2
——— D3 with 2.0 wit% H2

-3.0 T
80 130

Exo Up Temperature (°C) Universal V41D TA Instruments

Figure 4.5: Waterfall plot of the DSC melting endotherms for polypropylenes produced using El(4H)

metallocene catalyst.

Generally, as the molecular weights decrease, so do the melting points. This can clearly be
seen in Figure 4.6. On the other hand, Figure 4.7 shows the relationship between the melting
temperature and the tacticity. It is noticeable that a linear decreasgevathl decreasing

tacticity is observed for polypropylene samples produced using both catalysts.
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Figure 4.6: Molecular weights of polypropylenes produced with El and El(4H) catalyst versus melting
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Figure 4.7: Isotacticities of polypropylenes produced with El and EI(4H) catalyst versus melting

temperatures.

4.3.1.5 Crystalline structure

The different crystalline phases of isotactic polypropylene could be identified from the X-ray
diffraction data. The peaks a® 2 14.8°, 16.95° and 18.5° relate to the indices 110, 040 and
130, respectively, and are typical for theophase. The 117 peak & 2 20.07° is related to

the y-phasée’® Figure 4.8 shows typical WAXD patterns of thdorm, in which three strong
equatorial peaks of the (110), (040) and (130) phases appefir=at12.83°, 16.90° and

18.34°, respectively. Only the crystal form is present in all polypropylene polymers
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prepared in the absence and presence of small asnolunydrogen, using El catalyst (Figure
4.8 A) and EI(4H) catalyst (Figure 4.8 B). Moreqwiire presence of thecrystal form in the

polypropylene samples prepared by both metalloceatelysts in the presence of high
amounts of hydrogen (EIP1 and D3 with 2.3 and 2t@mhydrogen, respectively) ab 2=

20.0 can clearly be seen in Figure 4.8 A and BsThsult is in contrast with the results
obtained using Ziegler-Natta catalyst in the prasichapter. It has been reported that
isotactic polypropylene samples prepared with aroensial, heterogeneous Ziegler-Natta
catalyst crystallize mainly in the—phase[.”] This can be attributed to the uneven distribution

of defects along the polymer chains.

——EIP1 (23wt % H,)

EIP10 (1.7 wt % H,)
(A) ——EIP13(0.7Wt % H,)
——EIP15 (0.0 Wt % H,)
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16000
12000
8000
T T T T T T 1
12 15 18 21 24 27 30

Intensity

4000

Scattering angle (26)

——D3 (2.0 wt% H,)

D5 (1.3 wt% H.)
——D7 (0.7 wt% H,)
—— D9 (0.0 Wt% H,)
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Figure 4.8: Typical X-ray diffraction pattern recor ded for polypropylenes produced using (A) El catalgt
and (B) El(4H) catalyst.
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The distribution of tacticity in the Ziegler-Nattierived samples is not homogeneous over the
molecular weight distribution and also not homogrrsewithin the chains itself. Ziegler-
Natta samples have a blocky distribution of theestadefects. The defects are accumulated in
a small portion of non-crystallizable chains ornfiosmall blocks of irregular sequences
among long regular chains. This leads to long ®egisotactic sequences, which favour the
formation of thea-phase. It has also been reported that the formaifothe y-phase is
favoured in the presence of stereo-defects and-agfects (as in the case of EIP1 and D3
samples, which have slightly low tacticitiesarimm] % = 84.3 and 70.3, respectively. See
Table 4.1), and also by the presence of comonomiés, which shorten the regular isotactic

sequencel®

4.3.2 Fractionation and characterization of polyprojylenes

4.3.2.1 Polypropylenes produced using the EI cyst

The polypropylene samples for TREF fractionationrevehosen in order to establish a
correlation between the molecular weight and thgstatlization of the polypropylene
polymers. Fractionation of the polypropylene sampéecording to crystallizability was
performed by means of TREF. TREF analyses of thiiferent isotactic polypropylenes
prepared with EI metallocene catalysts EIP12, E@IBEIP14 were carried out to determine
the differences in their characteristics. Firse thriginal polymers were fractionated into
seven different fractions, eluting at 25, 60, 80, 200, 110 and 130 °C.

The TREF fractionation data are summarized in Tdli?eand the TREF curves obtained are
illustrated in Figure 4.9. Table 4.2 shows thattfer samples EIP14, EIP13 and EIP12 more
than 59 wt % of the material eluted at the elutiemperatures 80 and 90 °C. When these
results are compared with the results reportethénprevious chapter for the polypropylenes
produced with Ziegler-Natta catalysts, we find thes expected, the former isotactic

polypropylenes elute at a lower temperature compaoethe latter. This arises from the

presence of regio-irregularities, and is in accocgawith the fact that metallocene-based

isotactic polypropylenes commonly have a lower mgltemperatur&?

The curves of the Wo/AT over the fractionation temperature in Figure @AY shows that
there is an increase in;%W/AT for the first three fractions collected after @& °C fraction,
followed by a decrease for the last three fractifursall samples. Moreover, the curves in
Figure 4.9 (A) have different distributions andyblily different shapes. This indicates that the
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presence of different amounts of hydrogen can ahaing stereoselectivity of the active sites

that exist in the metallocene catalysts. Figure @Y illustrates the accumulative weight

fraction percentage versus the fractionation teatpees of the three polymers EIP14, EIP13
and EIP12. The curves have slightly different slsagéhis could be due to the different
tacticities and molecular weights of the originatgples (Table 4.1).

Table 4.2: TREF fractionation data for the fractions of samples EIP14, EIP13 and EIP12

T, Sample EIP14 Sample EIP13 Sample EIP12

C) (‘é]\’;) Wi% | SWi% | Wi%/AT (‘r;v;) Wi% | SWi% | Wi%/AT (\r;";) Wi% | SWi% | Wi%/AT
25 | 180 | 6.0| 6.0 - 261 8.7 8.7 : 325 10.8 108 i
60 | 323 | 10.8 16.8 03| 466 155 242 04 2477 02 20.003

80 | 721 | 24.0 40.8] 12| 1285 428 670 21 8/5 29824 15
90 | 1061 354 762 35| 695 232 902 23 900 30.827 3.0
100| 460 | 153 915 15| 165 55 957 06 469 156 94.81.6
110| 137 | 44| 959 05 85| 2.8 985 03 116 39 987 4 0.
130| 125 | 4.1| 100.0 0.2 25 1.5 1000 01 39 1.3 100.0.1
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Figure 4.9: TREF curves of samples EIP14, EIP13 anBIP12: (A) Wi%/ AT and (B) ZWi %.
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The weight fraction as a function of elution tengiare for polymers EIP14, EIP13 and
EIP12 is shown in Figure 4.10. The superimposegltgagrovide a clear and easy way to
compare the samples. Apparent differences arelejgilarticularly with respect to the 80, 90
and 100 °C fractions. This was in line with whatswexpected, as these polymers differ with

respect to their tacticity, molecular weight andewalar weight distribution (Table 4.1).
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([T ElP12
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A

110 130

80
T.©

Figure 4.10: Distribution of weight percentage of BP14, EIP13 and EIP12 fractions vs. elution

temperature (°C).

4.3.2.1.1 Microstructure

The ®*C NMR data for the TREF fractions of EIP14, EIP18daEIP12 samples are
summarized in Table 4.3. The isotacticitgnimm %) of EIP14, EIP13 and EIP12 fractions
versus TREF elution temperature is shown in Figudel. The TREF results obtained for
isotactic polypropylenes produced with the metato catalysts showed different trends to
polypropylenes with Ziegler-Natta catalySts?” Mizuno et al. ®® found that the TREF of
isotactic polypropylene prepared with (IgdjCl, catalyst was performed according to
molecular weight over the whole elution temperatizege. All the fractions had the same
tacticity and melting temperatures, but differertlecular weights. Xu and Fefy found
that the TREF of isotactic polypropylenes prepamti silica-supported metallocene catalyst
showed that the first seven fractions had a diffeeein tacticity, but the last seven fractions

had similar isotacticity and differ only in moleanlweight. Molecular weight becomes the
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main factor that controls the fractionation.

Table 4.3: GPC,™C NMR and DSC results of fractionation data of samfes EIP14, EIP13 and EIP12

Runs F(rTiit'Cc’)” Mw | Mu/Mn | mmmm% | Tm (°C) | Te (°C) | AHm (3/g) | Xc (%)
25 | 4348 | 34 63.0 - - - -
60 | 6931 2.6 79.0 1224 89.1 53.0 25.4
80 | 15906| 1.7 85.0 1331 10L7 722 346
EIP14] 90 | 22178] 16 87.0 137.7 104D  82.8 3906
100 | 21351 15 88.0 137.6 1059 655 3113
110 | 18089 2.7 84.0 139.0 1060 504 241
130 | 12904] 1.2 - 131.0] 934 45.6 21.8
25 2382 | 24 65.0 - - - -
60 | 5645| 1.6 80.0 118.8] 883 69.6 33.8
80 | 10566| 1.6 85.0 131.8 1005 857 410
EIP13] 90 | 12491 1.7 88.0 135.6  103.6 _ 92.3 44
100 | 12995 1.5 91.0 137.6 1047  87.0 216
110 | 12932] 1.3 86.0 1335 954 60.8 2011
130 | 9404| 1.3 - 131.7] 864 52.6 25.2
25 1625 | 25 62.0 - - - -
60 | 4452 | 15 80.0 121.1] 903 52.7 25.0
80 | 9318| 16 88.0 133.3]  10L7 _ 86.9 216
EP12] 90 | 12828 1.7 89.0 1383 1052 929 vy
100 | 13613] 1.5 89.0 139.6 1062  83.2 398
110 | 14075] 1.8 88.0 140.1 1066  79.9 3812
130 | 8677 14 B 136.8] 914 59.4 28.4
—a— EIP14
o - v EIP13

O-- EIP12
90
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Figure 4.11: Isotacticity (nmmm %) of EIP14, EIP13 and EIP12 fractions vs. TREF eltion temperature.

In this study, Table 4.3 and Figure 4.11 show thd14, EIP13 and EIP12 samples are
composed of fractions with considerably differeatticities, ranging from rather atactic
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(elution temperature 25 °C) to isotactic (elutiemperature 100 °C). An interesting outcome
of this analysis is that the isotacticity of EIPA3d EIP12 fractions are systematically slightly
greater than those of EIP14 fractions, at a givation temperature. This is in spite of the
tacticity of the EIP14 parent polymer being higtiean the tacticities of the EIP13 and EIP12
parent polymers (Table 4.1).

4.3.2.1.2 Molecular weight and molecular weight disibbution

Upon examining the variation of molecular weighttloé fractions with elution temperature,
different tendencies are found. The weight averagéecular weight increases steadily with
increasing elution temperature up to the elutionperature 100 °C, as can be seen in Table
4.3 and Figure 4.12. This result could be integatdb mean that these fractions were mainly
separated according to molecular weight. By conmggitiese results to the results obtained in
the case of Ziegler-Natta polypropylenes in Cha@emwe notice that the extent of the
increase in the molecular weights of Ziegler-Ngitdypropylenes is much greater than that
for metallocene-polypropylenes. It is likely thhethigher stereospecific active sites produce
polypropylenes of higher molecular weight, espégiahen supported Ziegler-Natta catalysts
are used.

—=— EIP14
—v--EIP13
N O~ EIP12

24000 —

20000 —

16000
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8000 —
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T T T T T T T T T 1
20 40 60 80 100 120 140
T.©

Figure 4.12: Evolution of molecular weight of TREFractions of EIP14, EIP13 and EIP12 vs. TREF
elution temperature.

Figure 4.12 also shows that there is a significhifierence between the curves of the EIP14
sample and the other two samples EIP13 and EIPA@.cUrve representative of EIP14 is
shifted to a lower elution temperature comparedhtt of EIP13 and EIP12. For a given

elution temperature (fraction 90 °C), the molecwaight of the EIP14 fraction is particularly

97



higher than the molecular weights of the EIP13 Bifell2 fractions. This means that longer
chains of EIP14 have thus the same crystallizgtakt the shorter chains of EIP13 and EIP12.
An explanation for this is that EIP14, EIP13 an®El samples do not have the same inter-
molecular heterogeneity, which could be due toefifect of different amounts of hydrogen on

the catalyst during the polymerization reactions.

Table 4.3 also shows that the PD of the sampledtidres of EIP14, EIP13 and EIP12
generally tends to decrease as the elution temperaicreases (except the fraction at 110 °C
of the samples EIP14 and EIP12); however, the PBach fraction (except the first one) is
considerably lower than those of the non-fractiedanaterial (Tables 4.1 and 4.3). On the
other hand, we see that the TREF fractions in Ghapt (prepared using Ziegler-Natta
catalyst) have a broader molecular weight distiituttompared to those reported in this
Chapter (prepared using metallocene catalysts). Brbad molecular weight distributions
indicate that fractionation is mainly due to taiyicdifferences. The controlling factor is,
however, not the average isotacticity, but the tlemigof the crystallizable isotactic

sequence’”

4.3.2.1.3 Cirystallinity and melting behaviour

Figure 4.13 presents a waterfall plot of the DSGtimg endotherms for the TREF fractions
of sample EIP12. The data for the TREF fractionghef samples EIP14 and EIP13 show
similar trends. Figure 4.14 presents the evolutbtdrmelting temperatures for the TREF
fractions of the samples EIP14, EIP13 and EIP12a &mction of elution temperature. The
DSC endotherms in Figures 4.13 and 4.14, and tke idaTable 4.3 show that there is a
significant increase in the melting temperaturethe fractions with an increase in elution
temperature (except the last fraction of the EIRM EIP12 samples and the last two
fractions of the EIP13 sample). This could be duéhe increase in the isotacticities and the
molecular weights of the fractions with increas@igtion temperature. However, noticeable
differences between melting temperature of polyimections can be seen. EIP12 fractions
are characterized by slightly higher melting terapenes than EIP14 and EIP13 fractions,
especially at the elution temperatures 100, 110180d°C.
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Figure 4.13: Waterfall plot of the DSC melting endtherms for the TREF fractions of sample EIP12.
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Figure 4.14: Evolution of melting temperatures (T,) of the TREF fractions of samples EIP14, EIP13 and
EIP12 versus TREF elution temperature.

The crystallization temperatures of the differeREF fractions of the three different samples
EIP14, EIP13 and EIP12 showed similar behaviohtorhelting temperatures. Temperatures
increased with increasing elution temperature (figu15), demonstrating that crystallization
temperature is mostly dependent on isotacticity ti@nother hand, there was a considerable
decrease in crystallization temperature for the TEREF fractions of samples EIP14 and
EIP12 and for the last two fractions of sample BIPThis is most likely caused by the

restricted mobility, and lower tacticities and nmliar weights of these fractions.
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Figure 4.15: Evolution of crystallization temperatue (T.) of EIP14, EIP13 and EIP12 TREF fractions

versus TREF elution temperature.

The degree of crystallinity of the first three ftiaos of samples EIP14, EIP13 and EIP12

increases with fractionation temperature, as casdas in Figure 4.16. However, there is a

remarkable decrease in the crystallinity of the thiee fractions of all samples as can be seen

in Figure 4.16. The reason for this could only bhe decreased molecular weights and

tacticities of these fractions.
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Figure 4.16: Degree of crystallinity of the TREF factions of samples EIP14, EIP13 and EIP12 versus

TREF elution temperature.

On the other hand, EIP13 and EIP12 TREF fractioseslascribed by a systematically higher
crystallinity than EIP14 TREF fractions, as shown Rigure 4.16, owing to the higher

tacticity percentage of EIP13 and EIP12 fractiorab{e 4.3). Figure 4.16 also shows that the
crystallinities of the fractions do not increase lagarly in the series as do the melting
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temperature values in Figure 4.14. This meansttiefractions have been fractionated, not

according to average isotacticity, but accordindatmellar thickness or the lengths of the
crystallizable sequences in the chdffis.

4.3.2.1.4 Crystal phase analysis

Figure 4.17 shows the WAXD results for selected FRiactions of sample EIP13. It shows
that only thea crystal form exists in all TREF fractions of sam|P13. These results were

similar to the results observed for the polymectims produced by Ziegler-Natta catalysts
(Chapter 3, Sections 3.3.2.1.4, 3.3.2.2.4 and 3.3

——EIP13 (100 € fraction)
—— EIP13 (90 C fraction)
EIP13 (80 € fraction)
——EIP13 (60 C fraction)

Intensity

T T T T T T 1
12 15 18 21 24 27 30

Scattering angle (26)
Figure 4.17: Typical X-ray diffraction pattern of different TREF fractions of the EIP13 sample.

4.3.2.2 Polypropylenes produced using the El(4Htatalyst

TREF analyses of three different isotactic polygtepes D9, D8 and D7 produced using
El(4H) metallocene catalyst were carried out toedatne the differences in their
characteristics. Table 4.4 tabulates the TREFifraation data of polypropylene samples D9,
D8 and D7. Their TREF curves are shown in Figuls4.
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Table 4.4: TREF fractionation data of the TREF fractons of samples D9, D8 and D7

T Sample D9 Sample D8 Sample D7
°C
(°C) (\r:q\’;) Wi% | SWi% | Wi%/AT (\rﬁ’;) Wi% | SWi% | Wioe/AT (vaé) Wi% | SWi% | Wioe/AT
25 | 184 | 61| 6.1 : 5200 16.8 168 - 650 21.7 21.7
60 | 226 | 75| 13.6| 04 | 448 145 313 04 560 187 40.405
80 | 788 | 26.3 39.9 13| 952 308 621 15 1160 38.807 1.0
90 | 1300| 43.3 832 43| 676 219 840 22 370 12339 12
100| 337 | 11.2] 944 11| 373 1201 961 1.2 13 41 95404
110| 85 | 27| 971 0.3 61| 2.0 98)1 0.2 78 24 o978 0
130| 89 | 29| 1000 02 60 1.0 1000 01 65 2.2 1000.1
57 () v Do
4.0 4 O D7
3.0-.
25
520_
S:
;1.5-
0.0- o
0-5- T T T T T T T T T T T T 1
T.(©
-y D8
w00] (B) — o b7
%— 50
W 404
10 :/

T.©

Figure 4.18: TREF curves of samples D9, D8 and D{A) Wi%/ AT and (B) ZWi %.

When we compare the TREF results of polypropylemetions produced using El catalyst
(Table 4.2) and the TREF results of polypropyleraetions produced using EI(4H) catalyst
(Table 4.4) we see that the weight percentage ®fBhpolypropylene fractions eluting at

lower temperature is less than that eluting at #Hane elution temperature of the
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polypropylene fractions produced by EI(4H), andeviersa. For instance, Table 4.2 and
Table 4.4 show that the 25 °C fraction amountsanfiges EIP14 and EIP13 produced using
El catalyst in the presence of 0.3 and 0.7 wt %rdyein are 6.0 and 8.7 wt %, respectively,
which are significantly less than those obtainethatsame elution temperature of samples D8
and D7 (16.8 and 21.7 wt %, respectively), whiobdpiced by EI(4H) catalyst in the presence
of same amounts of hydrogen (0.3 and 0.7 wt % dfdnen, respectively). This shows that
the El catalyst is able to decrease the amourdarhirtemperature fractions significantly. The

reason for this could be the higher stereoseldégtofithe El catalyst than the EI(4H) catalyst.

Furthermore, from the curves of the®/AT versus the fractionation temperature in Figure
4.18 (A) shows that there is an increase i#MT for the first three fractions collected after
the 25 °C fraction, and then a decrease for thethase fractions. The curves in Figure 4.18
(A) have different distributions and shapes. Ondtieer hands, Figure 4.18 (B) illustrates the
accumulative weight fraction percentage versusftaetionation temperatures of the three
polymers D9, D8 and D7. It is clear that the curaes considerably different, which is due to

the difference in the characteristics of the oadjjpolymers.

The weight fraction as a function of elution tengiare is shown in Figure 4.19. The
superimposed graphs provide a clear and easy wagrnpare the samples. It is clear from
the graph that the three samples have differenghweiraction distributions. It is also

observed that more than 50 wt % of the originalemak for all samples eluted at the 80 and

90 °C fractions.

4.3.2.2.1 Microstructure

The'*C NMR data of the TREF fractions of samples D9,dp8 D7 are summarized in Table
4.5 and the isotacticityninmm %) of the D9, D8 and D7 fractions vs. TREF elution
temperature is shown in Figure 4.20. Table 4.5Rigdre 4.20 show that the isotacticity of
the fractions increases with the elution tempeeat&@imilar results were obtained by other

researcheré?%
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W. %

Figure 4.19: Distribution of weight percentage of @, D8 and D7 fractions vs. elution temperature (°C)

Table 4.5: GPC,**C NMR and DSC results of fractionation data of samfes Z8, Z9 and Z10

Runs F(;aeitgn My | Mo/Ma | mmmm% | T (°C) | T (°C) | AHm (3/g) | Xe (%)
25 | 1557 | 16 57.0 : : : §
60 | 7438| 16 81.0 1211 916 536 257
80 | 20634| 18 83.0 1317 1005 76.1 367
DO [ 90 | 28875| 1.6 87.0 1374| 104ls 799 332
100 | 26801 1.6 89.0 1365 104)8 736 352
110 | 28481 16 86.0 1364 981 688  32.9
130 | 22195 15 i 1322 9.8 603  28l9
25 | 1420| 1.4 56.0 § ; i i
60 | 3463| 1.4 78.0 1229| 918 786 376
80 | 7042| 15 84.0 1357 1044 850 407
D8 [ 90 | 9664 1.6 89.0 1400| 1078 899 430
100 | 9777] 1.6 91.0 1410 1092 958 458
110 | 10645 1.3 87.0 1395 1018 864 413
130 | 6930 1.2 : 1337 | 985 819 397
25 | 1303| 1.4 56.0 i i i i
60 | 3240| 13 77.0 1251 963 774 370
80 | 6261 15 82.0 1372| 104p 791 37,9
D7 [ 90 | 8478 15 87.0 1414] 1080 905 433
100 | 8307| 1.4 90.0 1422 10000  92.8 443
110 | 7736| 1.3 85.0 1401 10255 844 405
130 | 5901| 1.2 i 1356 | 987 822 393
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Figure 4.20: Isotacticity (mmmm %) of D9, D8 and D7 fractions vs. TREF elution terperature.

Moreover, Table 4.5 and Figure 4.20 show that saspl9, D8 and D7 comprise fractions
with significantly different tacticities, rangingdm rather atactic (eluted fraction at 25 °C) to
isotactic (eluted fraction at 100 °C). An interagtioutcome of this analysis is that the
isotacticity of TREF fractions of the samples proeld using the EI catalyst (Section
4.3.2.1.1) are systematically similar to those pomdi using the EI(4H) catalyst (Table 4.5
and Figure 4.20).

4.3.2.2.2 Molecular weight and molecular weight disibution

Figure 4.21 shows the weight average molecular &y TREF fractions of samples D9, D8
and D7 with respect to the TREF elution temperafliedle 4.5 and Figure 4.21 show that the
weight average molecular weight increases graduweilly increasing elution temperature up
to the elution temperature 110 °C and then decseasehe last fraction for all samples.
Figure 4.21 shows a similar trend to that of Figdt&2 (for samples prepared using El
catalyst); there is a clear difference in the csrvetween those for D9 sample and those for
the other two samples D8 and D7. The curve reptatea of sample D9 is shifted to a lower
elution temperature compared to those of samplearid8D7. Table 4.5 shows that the PD of
the TREF fractions of samples D9, D8 and D7 is gahein the range 1:21.8, which is
slightly lower than that of the TREF fractions d¢fetsamples produced using El catalyst
(EIP14, EIP13 and EIP12 in Table 4.3) which ishie tange 1.33.4.
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Figure 4.21: Evolution of molecular weight of TREFfractions of D9, D8 and D7 samples vs. TREF elution

temperature.

4.3.2.2.3 Crystallinity and melting behaviour

Figure 4.22 shows the evolution of melting tempeed of D9, D8 and D7 fractions as a
function of elution temperature. As can be seemfféigure 4.22 and as well as the data in
Table 4.5 there is a characteristic increase imibling temperature of the fractions with an
increase in elution temperature (except the lastfractions of samples D8 and D7 and the
last three fractions of sample D9). However, appadifferences between the melting
temperature of polymers fractions are observed. HREactions of sample D7 are
characterized, to some extent, by higher meltingperatures than D8 and D9 TREF
fractions. The crystallization temperatures of ti&erent TREF fractions of the three
different samples D9, D8 and D7 are clearly inceeadth increasing elution temperature
(except for the last two fractions of all samples),can be seen in Figure 4.23. On other hand,
the degree of crystallinity of TREF fractions ofrgales D8 and D7 increases with elution
temperature for the first four fractions and théarts to decrease for the last two fractions,
while it only increases for the first three TRERdtions of sample D9 and then starts to
decrease. This is clearly seen in Figure 4.24.r€heon for the decreasing crystallinity of the
last fractions is the significant decrease in theletular weight and tacticity of these
fractions, as evident in Table 4.5.
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Figure 4.22: Evolution of melting temperature (T,,) of TREF fractions of samples D9, D8 and D7 versus
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4.3.2.2.4 Crystal phase analysis

Figure 4.25 shows typical WAXD patterns of theform of selected TREF fractions of
sample D9, in which three strong equatorial peakldD), (040) and (130) appear & 2
14.10°, 16.90° and 18.58°.

— D9 (100 € fraction)
—— D9 (90 C fraction)

D9 (80 € fraction)
—— D9 (60 € fraction)

0l : . : . : . : . . . . . ,
12 15 18 21 24 27 30

Scattering angle (26)

Figure 4.25: Typical X-ray diffraction pattern of various TREF fractions of sample D9.
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4.3.2.3 Commercial syndiotactic polypropylene

The data of the commercial syndiotactic polypropglsample SPP1 are tabulated in Table
4.6. The DSC show multiple melting peaks. this weposed to be a result of partial melting,
recrystallization of the less stable crystallitesnelting of the recrystallized crystallites, and
normal melting of the primary crystallites formedder the crystallization conditio$!
Table 4.6 also shows that the crystallinity degrbthe SPP1 sample is much lower than that
of samples of isotactic polypropylenes (Table 4Th)is is attributed to the slow and complex

crystallization behaviour of syndiotactic polyprdgrye[?42°!

Table 4.6: Data of the commercial syndiotactic polyropylene sample SPP1

Run My M./M,, rrer % T (°C) T. (°C) AH,, (J/g) X (%)
SPP1 174 000 2.3 93.0 114.6-127.2 66.3 39.0 18.7

TREF analysis of the syndiotactic polypropylene glemSPP1 was carried out to yield
fractions with different tacticities and moleculaweights. Fractionation data and
syndiotacticity, molecular weight and melting temgiare of the fractions are tabulated in
Table 4.7. Figure 4.26 shows the TREF curves oSfRE1 sample. The W/AT vs. T. curve
approximates the differential of cumulative weighirves. The WW/AT vs. Te curve is

relatively wide, but has only one peak.

Table 4.7: Fractionation and related data of SPP1

Te | Wt R R _ . . Te [AHn | o

0| (mg) | W% | ZWi% | WiIAT | Mu | MMy | rrrr 9% T (°C) ) | g | X%
25 382 12.7 17.7 - 51 022 2.5 45.0 - - 4
60 1028 34.3 47.0 1.0 141 689 2.4 75)0 107.4-120.267.2 38.6 18.5
70 | 833 | 27.8| 748 2.8 148508 2.2 7900  117.3128.2 7.77 43.8| 210
80 486 16.2 91.0 1.6 159 816 2.4 80,0 114.7-126.1 3.8 7| 45.0 21.5
90 | 168 | 56| 966 0.6 195399 2.4 810  116.4127.0 .7 7540.4| 19.3

115.0-124.0- | 825-

100| s1 17| 983 0.2 156439 2.7 - 46,0 ooy | 331/ 158
120 53 1.7 100.0 0.1 126 224 2.2 - 145.7-155/0 510625.1 12.0
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Figure 4.26: TREF curves of the commercial syndiotic polypropylene sample SPP1.

3C NMR data show that the syndiotacticityrr¢ %) of the TREF fractions increased
gradually with elution temperature, as can be sedrable 4.7 and Figure 4.27. The variation

in the syndiotacticity of the fractions in the rang(-90 °C was small.

The melting temperatures of the fractions reveaadilar tendency, but the difference in
melting temperature is more obvious than the difiee in syndiotacticity (see Figure 4.28).
This indicates that the syndiotacticity of SPP1his main factor influencing fractionation of
the fractions below 70 °C and then the moleculaigitestarts to play a role in the
fractionation of fractions above 70 °C.

Syndiotacticity (rrrr %)
g & 38 &
| |
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1

[]

IS
S}

T T T T T T T T 1
20 30 40 50 60 70 80 90 100

T.©

Figure 4.27: Syndiotacticity ¢rrr %) of SPP1 fractions vs. TREF elution temperature.

The variation in the molecular weight of fractiomgh elution temperature is less regular. In
the initial stage it also increases with elutiomperature and reaches a maximum for the

fraction eluted at 90 °C, but it begins to decréadbe later fractions.
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Figure 4.28: Waterfall plot of the DSC melting endtherms for the TREF fractions of SPP1.

In contrast to the FT-IR spectra of isotactic pobgylene, the majority of the absorption
bands of syndiotactic polypropylene FT-IR specppear in the frequency region below 1150
cm?, these absorption bands belong to the regulaginds. The FT-IR spectra of the TREF
fractions of sample SPP1 are shown in Figure 4B figure provides a detailed description
of the helical (Form 1) and the trans-planar (Foltl) conformations of syndiotactic
polypropylene fractions, which can be clearly idged. Moreover, Figure 4.29 depicts that
the bands that present at 810, 867, 904, 935, 9d@71805 crit are due to the Form |
structure, while the bands that appear at 840, @68 1129 crit are due to the Form IlI
structure. According to the literatuféd Form | is characterized by chains in s(2/1)2 talic
conformation packed in different orthorhombic cajfste lattices (as shown in Chapter 2,
Figure 2.7 A) and Form Il presents polymer chamthe trans-planar conformation wittm

symmetry (as shown in Chapter 2, Figure 2.7 C).

111



—— SPP1 (90 € fraction)
—— SPP1 (70 € fraction)

SPP1 (60 € fraction)
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Figure 4.29: FTIR spectra of the TREF fractions ofsample SPP1.

Typical WAXD diffraction patterns of selected TREfactions of sample SPP1 are shown
Figure 4.30. According to literatul& the presence of reflections & 2 12.3°, 16.3°, 20.9°
and 24.7° corresponding to the observations of)(20Q0), (111) and (400) reflection planes,
respectively, and the absence of a reflection p{@dé) at B = 18.8° (in the case of 60, 70
and 80 °C fractions), as can be seen in Figure,4ir3ficate that these fractions are
crystallized in the disordered Form | structuregufe 4.30 also shows the appearance of
reflection plane (211) at®2= 18.8° of the fraction 90 °C. This provides evide of the
presence of the ordered Form | structure in thastion. The existence of Form | is mainly
controlled by the amounts of defects present in gheking of the chairé’?% which is
revealed by either the weakness or the absencheo{211) reflection at@ = 18.8° in

crystallized samples.

The greater the amount of defects present the higleedeviation is from the fully antichiral
packing®®® A small amount of the isochiral helical Form Il foéiction 90 °C, as indicated by
the presence of the 110 reflection &t=217.0° of Form Il, as a shoulder of the 010 i&ftn
at 8 = 16.3°%
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Figure 4.30: Typical X-ray diffraction pattern of different TREF fractions of the SPP1 sample

4.4 Conclusions

As in the case of Ziegler-Natta catalyst systentafiozene catalyst systems make it possible
to produce polymer samples with a wide variatiortaaticity and molecular weight under
different reaction conditions. By using preparatiM@EF, it is possible to obtain polymer
fractions of well defined structure in terms of emllar weight and molecular weight
distributions, as well as tacticity.

The addition of molecular hydrogen to propyleneyparizations catalyzed using the El and
El(4H) catalyst systems resulted in an increasmatalytic activity and a reduction in polymer
molecular weight. The isotacticity of the polyprégnyes was also slightly reduced. A major
increase in the degree of crystallinity was alsdiced upon increasing the amount of
hydrogen. This is most likely due to the lower noollar weight, which makes the motion of
chain molecules easier, allowing the reorganizatibthe chains in order to crystallize more
perfectly. It is also possible that the tacticifytlte chains could have improved slightly as the
amount of hydrogen was increased due to increabath ¢ransfer to hydrogen after 2,1-
insertions, therefore forming chain ends rathen thaorporating defects into the chains. This

would improve the overall chain stereoregularity.

TREF fractionation of the samples produced by higges of metallocene catalysts, El and
El(4H), shown that the samples eluted mainly in88€C and 90 °C fractions. However, the

weight percentage of the room temperature fractiohgolymers produced using the El
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catalyst is significantly lower than the room temgiare fractions produced using EI(4H)

catalyst.

In general, the molecular weight and the isotagtiof the TREF fractions all increased
significantly with increasing elution temperaturer fall samples produced using El and

El(4H) metallocene catalysts.

In case of the PD of the TREF fractions, it is clésat the room temperature fractions of
polymers produced using the El catalyst system havaightly broader distribution of
molecular weight chains than the higher temperaftaretions. The PD is in the same range

(1.2-1.6) as that of the polymer fractions produced gislie EI(4H) catalyst system.

The thermal properties, in terms of, T, and degree of crstallinity, of the TREF fractions
were increased with fractionation temperature upght® 100 °C fractions for all fractions
produced using El and El(4H) metallocene catalystesns.

It is interesting that only the crystal form existed in all TREF fractions of @ifént samples.
The main difference between thepeaks of TREF fractions of the different sampleghe

strong diffraction of these peaks, which dependthercrystallinity content of each fraction.

For the syndiotactic polypropylene sample SPP1, riwecular weight, syndiotacticity,

melting temperature and degree of crystallinitytted TREF fractions all increased to some
extent with increasing elution temperature, whishsimilar to the isotactic polypropylene
samples. The only distinguish difference of syratitit TREF fractions on the isotactic

TREF fractions is the multi-melting peaks that albserved in all TREF fractions.
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CHAPTER 5

Use of DSC and SCALLS for studying the bulk and saition
crystallization of different polypropylenes

5.1 Introduction

Both the crystallization behaviour and crystallfoem of polypropylene polymer are strongly
affected by the configuration (tacticity) and camfiational structure of the chain. Isotactic
and syndiotactic polypropylene can crystallize. Tegree of crystallinity is commonly in the
range 4670% and depends on the level of the tacticity effiblymer. Atactic polypropylene

is considered as uncrystallizable, since the chiaircture lacks regularity.

The effects of molecular weighKt® molecular weight distributidfl and tacticity > on the
crystallization have been investigated by a sewersdarchers. Results indicate that the linear
growth rate of crystals markedly decreases witheiasing molecular weight,but the overall
crystallization rate increases because an incrgasimber of intramolecular folded chain
nuclei could result in a higher nucleation den¥ityor samples with similar molecular
weights and different tacticities the linear cryggawth rate might increase by three orders of
magnitude when the isotacticignimm %) of isotactic polypropylene increases from 78.7
98.8%>*"!

Several methods are described in the literaturdrdotionate semi-crystalline polymers:
solvent extraction, consecutive extraction with fefiént solvents, fractionation with
solvent/non-solvent pairs, consecutive extractiith & solvent at different temperatuf&s®
and, most recently, TREE™ and crystallization analysis fractionation (CRY SH)&°%2?
Developments in the field include new techniqueshsas crystallization elution fractionation
(CEFf?® and solution crystallization analysis by laser figitattering (SCALLS¥*2")
SCALLS is considered as one of the newest fractionaechniques for semi-crystalline

polymers. It involves analysis of the turbidityaopolymer solution.

Long ago, turbidity measurements were used fotifraating polyolefins based on molecular
weight, using either a solvent/non-solvent appraarctnermal gradient techniqt[@. In 1966
Imhof studied a series of low-pressure ethylengyleme copolymers and mixtures of

ethylene homopolymef&! Recently, Shamt al.”® published an article describing how the

116



short chain branching distribution (SCBD) of polygene can be determined by a
turbidimetric method. The technique involves thaearation of the scattering of laser lamp
after it passes through a polymer solution. Thepenature of the polymer solution is
controlled via a heating block that is subjectead temperature ramp. As turbidity increases,
the amount of laser light that can pass throughsthlation decreases and the amount of
scattering increases. An increase in turbidity ogavhen the hot polymer solution is cooled
and the polymer starts to crystallize out of solutiThe reverse of this process leads to the

turbidity decreasing with an increase in tempegatur

Recently, van Reeneet al.’®?"! developed a similar instrument which they used to
investigate several different polyolefins. Both log (crystallization from solution) and
heating (melting and dissolution) experiments werecessfully carried out, and it was shown
that both the cooling and heating rates, as wellpalymer concentration, affect the

crystallization process.

This chapter describes the use of the DSC techmigseused to study the bulk crystallization
of different polypropylenes and the use of the SC8ltechnique to differentiate between
different isotactic and syndiotactic polypropylenedth similar chemical structure but

different tacticity and molecular weight.

5.2 Experimental

5.2.1 Materials

Different isotactic polypropylenes were preparedun laboratory using both heterogeneous
transition-metal and homogenous metallocene casalyish differing molecular weights and
tacticities (Table 5.5, Section 5.3.2.1). The pdlyiration reaction procedures are described
in the Sections 3.2.2 and 4.2.2. A commercial sywadtic polypropylene (SPP1) was
obtained from Sigma-Aldrich.

5.2.2 SCALLS

The SCALLS setup used to measure the turbidity afmper solutions was based on the
design described by Shat al.”® A similar instrument was developed and built in our
laboratory. A full description of the experimensatup used for the SCALLS technique is
given in a recent pap&f! The development of the SCALLS instrument includeel addition

of two photodiode detectors to the instrument, Gt &d 270° angles of the incident light.
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The in-line photodiode detector is denoted as 8@® Hetector. This detector measures laser
light intensity and will record a decrease in irsigyn as crystallization occurs. The 90° and
270° detectors measure scattered light intengitya further development a neutral density
filter was placed between the sample cell and 8@ Hetector. The general layout is shown

in Figures 5.1 and 5.2.

photodiode
temperature detector
controller
\
temperature ‘
probe | “ |
\ | \
. - - = \ photodiode
diode laser |—— — —|- > y
- ‘ detector
sample block | ‘ neutral density

filter

| ||
|
v

photodiode

detector

Figure 5.1: Schematic diagram of SCALLS.

For SCALLS experiments, polypropylene samples wdissolved in TCB at 130 °C, in
concentrations of between 0.5 and 1 mg/ml. The &snpere then placed into the SCALLS
aluminium heating/cooling block in a quartz sampé#der (inside diameter 21 mm, length
100 mm) and then cooled in a controlled fashiomf®0 °C to room temperature at a rate of
between 0.5 and 1.5 °C/min. Throughout the exparinthe samples were stirred to maintain
a uniform temperature in the solution and to préwka formed crystals from aggregating.
Heating experiments involved heating the stirredymper precipitate obtained from the
cooling experiment at rate of 1.5 °C/min. The seéllows for different sampling rates,
allowing up to 3600 data points to be captured itymcal cooling or heating experiment.

Generally a sampling rate was selected that yieddedit 1500 data points per experiment.
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Figure 5.2: Setup used for SCALLS analysis.

5.2.3 CRYSTAF

Crystallization analysis fractionation was carrged using a CRYSTAF apparatus Model 200
(Polymer Char S.A.). The crystallization was cafrigut in stirred, stainless steel reactors
(volume of 60 ml). Typically, approximately 15 mfygample was dissolved in 30 ml TCB.
The temperature was decreased at a rate of 0.1ifG/om 100 to 30 °C. Fractions were
taken automatically and the polymer concentratibthe solution was determined by an IR

detector, using 3.5 mm as the chosen wavelength.

5.24 TREF

The general TREF procedure is described in Ch&pt8ection 3.2.3).

5.2.5 Characterization techniques

The *C NMR, HT-GPC and DSC data of samples were obtaammbrding to procedures
described in Chapter 3 (Section 3.2.4).
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5.3 Results and discussion

5.3.1 Use of DSC for studying the bulk crystallizatin of different polypropylene
blends

Blending of two or more different polymers is oftased to develop new polymeric materials.
Blending allows the combination of desirable prajesrof different polymers, affording new
materials. The properties of polymer blends arér@ng function of the blend morphology.
This morphology and the associated phase behasimmgly depend on the cocrystallization
between the components of the blend. Blending allewvs us to determine the effect of the
molecular weight and tacticity on the crystallinif/the new materials. The manner in which
materials crystallize affects the morphology, whies a significant effect on the properties

of the material.

5.3.1.1  Ziegler-Natta polypropylene blends

5.3.1.1.1 Blends of polypropylenes with similar tadtities and different molecular
weights
The fact that it was possible to synthesize a saidifferent polypropylene homopolymers,
and then fractionate these materials by prepraliR&F meant that we could now select
fractions isolated by these techniques and thendbtkem. Table 5.1 presents data for the
individual fractions as well as data for the blethdi@ctions. The fractions and blends (50: 50
wt %) given in Table 5.1 were selected based oir thi#ferences in the molecular weights
and similarities in their tacticities.

Table 5.1: GPC, NMR and DSC results of different TEEF fraction blend polymers with the same
tacticities but different molecular weights, produ@d using heterogeneous catalysts

Fractions M, Mw/Mp | mmmm % Tm (°C) T (°C) | AH, (J/g) | X (%)

Z4 (120) | 195 6943 4.3 98.0 160.0 1160 119.7 57.0

Z4 (140) | 142 347 3.6 99.0 158.0 1140 102.1 49.0

Z4 (120)/

Z4 (140) - - - 160.2 1154 91.5 44.0
blend

Z9 (100) 25918 2.4 93.0 149.5-158.3 1130 87.1 41.7

Z10 (110) | 92 596 3.5 93.0 157.9 1172 110.0 52.7

Z9 (100)/

Z10 (110) - - - 155.8 115.5 96.1 46
blend

DSC scans of selected TREF fraction blends areepted in Figure 5.3 (A, B). Both the
blends showed only one melting peak, even thoughfridiction Z9 (100) has two melting
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peaks, which indicates that cocrystallization e tlends occurred. Although single melting
peaks of blends are usually associated with a higlent of cocrystallization, two broad
overlapping distributions of thicknesses of semacaystals, one from each component, could
also lead to single broad endotheffisinitial results here indicate that molecular weigh
appears to play some role in the crystallizationhese blends in the bulk. When reasonably
high molecular weight samples Z4 (120) and Z4 (24@h similar tacticities are blended
(Figure 5.3 (A)), the resultant blend melts atraiksir (albeit slightly higher) temperature than
the higher molecular weight fraction. With lowerintermediate molecular weight fractions
Z9 (100) and Z10 (110) in Figure 5.3 (B), it shoavsimilar pattern, although the melting

temperature is lower than that of the higher mdecweight material.

—o0— Z4(120) / Z4(140) blend
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(A) 74 (140)
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Figure 5.3: DSC thermograms of selected TREF fraatin blends: (A) and (B) polymers with same

tacticities but different molecular weights producel using heterogeneous catalysts.
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5.3.1.1.2 Blends of polypropylenes with similar motalar weights and different
tacticities

Table 5.2 shows data for individual fractions adlvas data for blended fractions. The

fractions and blends given in Table 5.2 were setbdiased on their differences in the

tacticities and similarities in the molecular weigh

Figure 5.4 (A, B) presents DSC scans of selecteEH Raction blends based on their
differences in the tacticities and similaritiestire molecular weights. In the case of two low
molecular weight fractions with different tactc&i€Z8 (80) and Z9 (80)), it is quite clear that
the melting temperature of the blend is influenbgdhe material with the highest tacticity. It
is interesting to note that the crystallinity perame of the blend is higher than that of either
of the individual fractions.

Table 5.2: GPC, NMR and DSC results of different TEEF fraction blends with the same molecular
weights but different tacticities, produced using kterogeneous catalysts

Fractions M, Mw/My | mmmm % Tm (°C) T (°C) | AHy, (J/g) | X (%)
Z8 (80) 18 986 3.9 63.0 131.6 100.3 53.9 25/8
Z9 (80) 14 126 3.3 80.0 134.3 102.8 55.1 26(4
Z8 (80)/
Z9 (80) - - - 132.9 101.5 58.8 28.2
blend
Z8 (100) 28 270 2.4 84.0 148.9-158.7 1115 83.7 40.1
Z9 (100) 25918 2.4 93.0 149.5-158.3 1130 87.1 41.7
Z8 (100)/
Z9 (100) - - - 148.5-158.7 111.7 76.0 36.4
blend

In contrast, it is obvious that the melting temper@ of the blend of higher or intermediate
molecular weights (Z8 (100) and Z9 (100)), is ieficed more by the material with the
lowest tacticity. The appearance of double peaklé@rsamples in Figure 4.5 (B) could be due
to recrystallization processes. Recrystallizatiam wsually be excluded by employing the
DSC method with a wide range of heating rateshass in Figure 5.5The results in Figure
5.5 show that the recrystallization occurs to asatgrable degree only at heating rates lower
than 10 °C/min. For greater heating rates (higher than ©dmin) recrystallization on
scanning does not have time to occur and deterimimaf the effectiveAH,,, and T, of the

samples becomes possible.
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Figure 5.4: DSC thermograms of selected TREF fraabn blends: (A) and (B) polymers with the same

molecular weights but different tacticities producel using heterogeneous catalysts.
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Although these are only preliminary results, intimas are that there are two variables that
influence cocrystallization in the bulk: moleculaeight and tacticity. It is, however, not as
clear-cut as to what effect the magnitude of théemdar weight (differences in molecular

weight of individual components) and a variationdaticity might have.

Figure 5.6 shows the modulated DSC (MDSC) revessfldv), nonreversible (nonrev) and
total heat flow traces of the Z8(100)/Z9(100) blemDSC, in which a small sinusoidal
oscillation (modulation) is superimposed on thevettional linear heating programme, is a
useful thermal analysis technique to separatedta heat flow (such as that acquired from
conventional DSC) into the heat capacity relateddrsible) component and heat flow and
kinetic (nonreversible) componertd.The reversble heat flow is calculated by multiptica

of the heat capacity with the negative heating.réte kinetic component or nonreversible
heat flow is the arithmetic difference betweenftihtal heat flow and the reversble heat flow.
Thus, exothermic signals are detected only in tre@versible data, but endothermic melting
behaviour can contribute to both reversible andrexersible signal§” Hence MDSC can
separate exotherms (including crystallization aadrystallization) from glass transitions,
reversible melting, or other heat capacity relateents. As can be seen in Figure 5.6, in the
nonreversible heat flow curve, there is an exotlepeak followed by an endothermic peak.
Since the nonreversible component is kinetic iireaind can be attributed to nonreversible
melting and crystallization on heating, the existenf the processes of recrystallization and
melting on heating was confirmed. The reversiblatHew curve also shows that double
reverse melting peaks exist. The endothermic peakhé nonreversible heat flow curve
corresponds to the highest endothermic peak irrglersible peak, i.e. they represent the
nonreversible and reversible components of the imgeliof recrystallized materials,
respectively. Thus, the remaining reversible mgliieak indicates the melting peak of the
original crystals in the blend. This means thatdiféerent polypropylene polymers show a
miscible blends and the appearance of double rgefizaks is due to the recrystallization

processes.
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Figure 5.6: MDSC heat flow curves of the Z8 (100)/Z (100) blend.

5.3.1.2  Metallocene polypropylene blends

5.3.1.2.1 Blends of polypropylenes with similar tadtities and different molecular
weights

Table 5.3 and Figure 5.7 show some DSC resulthefTtREF fraction blends that were

selected according to their difference in the malkecweight and similarity in tacticity. As in

the case of the polypropylene TREF fractions predugsing heterogeneous catalysts, all the

blends indicated in Table 5.3 and Figure 5.7 shoardyg one melting peak, which indicates

that cocrystallization occured. Cocrystallizatidrilee blends occurred due to their similarities

in molecular structures, crystalline lattice stuwes and crytallization rates.

Table 5.3: GPC, NMR and DSC results of polypropyleea TREF fraction blends with the same tacticities
but different molecular weights, produced using metdllocene catalysts

Fractions M, Mw/Mn | mmmm % Tm (°C) T. (°C) | AHy, (J/g) | X (%)
EIP14 (90) | 22174 1.6 87.0 137.7 1040 82.8 39.6
D7 (90) 8 478 1.5 87.0 141.4 108.9 90.5 43)3
EIP14 (90)/
D7 (90) - - - 139.9 107.0 88.9 42.6
blend
EIP13 (100)| 12 99% 1.5 91.0 137.6 1047 87.0 41.6
D8 (100) 9777 1.6 91.0 141.0 109.p 95.8 458
EIP13 (100)/
D8 (100) - - - 140.7 108.1 98.5 47.1
blend

125



D7 (90)
(A) —=— EIP14 (90)
—o— EIP14(90)/D7(90) blend

0.0+
-0.54
3
2 10
2
o
= 154
©
[}
I
-204
254
T T T T T )
60 80 100 120 140 160 180
Temperature (C)
D8 (100)
(B) —=— EIP13 (100)
—o— EIP13(100)/D8(100) blend
054
0.0+
-0.54
\a 1.0
S 10
H
o 15
]
% 2.0
-2.54

T T T T T )
60 80 100 120 140 160 180
Temperature (€)

Figure 5.7: DSC thermograms of selected TREF fraabn blends: (A) and (B) polymers with same

tacticities but different molecular weights producel by homogeneous metallocene catalysts.

5.3.1.2.2 Blends of polypropylenes with similar motaular weights and different
tacticities

Table 5.4 tabulates DSC results and Figure 5.8B)Ashows DSC scans of selected TREF
fraction blends with different tacticities and diamimolecular weights. It is evident that the
melting temperatures of the two blends of the lomd antermediate molecular weight
fractions with different tacticities (EIP14 (1008[{80) blend and EIP13 (80)/D8 (100) blend
respectively) are influenced by the material wiik highest tacticity. This differs slightly to
the results that obtained of the TREF blends of gudypropylene produced using
heterogeneous catalysts (see Section 5.3.1.1.2kdVer, the crystallinity percentage of the
two blends is higher than that of either of theividlal fractions. This provides further

evidence that cocrystallization in the bulk of thends had occurred.
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Table 5.4: GPC, NMR and DSC results of polypropylea TREF fraction blends with the same molecular

weights but different tacticities

Fractions M, Mw/M, | mmmm % Tm (°C) T. (°C) | AHy, (J/g) | X (%)
EIP14 (100)| 21 351 1.5 88.0 137.6 105/9 65.5 31.3
D9 (80) 20 634 1.8 83.0 131.7 100.5 76.7 367
EIP14 (100)/
D9 (80) - - - 137.8 104.1 78.8 37.7
blend
EIP13 (80) | 10 566 1.6 85.0 131.8 100/5 85.7 41.0
D8 (100) 9777 1.6 91.0 141.0 109.2 95.8 45/8
EIP13 (80)/
D8 (100) - - - 138.2 106.6 106.7 51.1
blend
(A) T Bis (100)
i —o— EIP14(100)/D9(80) blend
g 0.4
E 0.8
60 80 100 Te:r:(;)eratureltl(oc) 160 180 200
D8 (100)
(B) —=— EIP13 (80)
. —o— EIP13(80)/D8(100) blend
H

T T T T T
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Figure 5.8: DSC thermograms of selected TREF fraabn blends: (A) and (B) polymers with the same
molecular weights but different tacticities producel using homogeneous metallocene catalysts.
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5.3.2 Use of the SCALLS for studying the solution g¢stallization of different
polypropylenes

SCALLS involves the observation of the intensitylight after it passes through a polymer
solution. An increase in scattering occurs whenhbe polymer solution is cooled and the
polymer starts to crystallize out of solution. Thigcreases in the intensity of light is
measured. The reverse of this process leads toraase in the scattering with an increase in
temperature. According to this concept, it is poissto follow the solution crystallization of
different polypropylenes under controlled cooling. addition, SCALLS is capable of
differentiating between different isotactic and digtactic polypropylenes with similar
chemical structure but different tacticity and noolar weight. SCALLS provides good
crystallization information, similar to that proeid by CRYSTAF and TREF. SCALLS can

also be used as a quantitative tool for the measemeof weight fractions during dissolution.

5.3.2.1  SCALLS cooling and heating experiments

During SCALLS cooling, light is scattered as soartltze polymer starts to crystallize. In the
case of CRYSTAF, samples are removed by filtratfom the precipitating polymer solution
during cooling, and the turbidity is measured. Tmiscedure limits the number of samples
that can be taken in given experiment (typicallpwtb40-45 points). During a SCALLS
experiment the crystallization process can be naptisly monitored and numerous data
points obtained. This may lead to higher resolutibata are then analyzed with Ori§in
software. In order to get a peak, and be able &byaa the peak maximum and peak width,
the first derivative of the voltage data was caltedl. Data were smoothed as the derivative

was calculated.

The different polymers that were used for analysed their molecular characteristics are
tabulated in Table 5.5. Figures 5.9 (A) and (BsI®CALLS cooling and heating profiles of
isotactic polypropylene sample Z15, prepared usirfteterogeneous Ziegler-Natta catalyst.
Figures 5.10 (A) and (B) show the same profilesavhple Z2, a polymer with higher tacticity
and a similar molecular weight. In these experireifie concentration of the polymer
solution was 0.5 g/ml, and the SCALLS cooling arehting rates were 1 °C/min and 1.5
°C/min, respectively. It is quite clear that theabecrystallization temperatures of the two
samples are different (66.9 °C versus 69.1 °C), thatithe cooling peak of Z2 is narrower
than that of Z15. The heating profiles are alsted#nt. The Z2 sample shows a more distinct
maximum, and a higher peak “solution melting” temapere than Z15 (106.3 °C versus 103.2

°C), as expected.
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Table 5.5: Characterization data of the polypropyl@es used in this study

Samples N Mw/Mn | mmmm % Tm (°C) T. (°C) | AHL(J/g) | Xc (%)
Z217 65 498 8.2 93.0 156.5 120.8 100.5 48|0
Z12 96 137 9.4 90.0 159.2 121.p 1144 55)0
Z16 97 587 9.3 88.0 157.1 121.8 88.3 4210
Z2 135115 4.8 92.0 159.3 121.9 102.Q 490
Z15 137 965 5.6 87.0 156.4 118.7 83.9 40/0
Z3 184 759 6.1 93.0 161.2 124.p 104.5 50/0
Z8 228 960 6.4 94.0 162.0 124.4 103.9 50J0
Z4 238 155 6.3 94.0 160.6 116.6 103.9 50J0

EIP 14 19 232 1.9 93.8 137.6 1082 107.4 514
D9 24 809 2.0 88.0 138.0 107.Y 87.4 41.8
SPP1 174 000 2.3 93.0 111.9-126.5 66.1 33.3 15.9

& syndiotacticity (rrr %)

In the case of sample Z2, there are three meltgak® which could be due to the different
sizes of crystals formed during the crystallizatimocess. The differences in melting and

crystallization temperatures are very similar toséhdetermined by DSC (Table 5.5).
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Figure 5.9: SCALLS profiles of cooling (A) and heang (B) of sample Z15 (concentration 0.5 mg/ml,

cooling at 1 °C/min and heating at 1.5 °C/min).

Figure 5.11 shows the SCALLS cooling profile (A)daisCALLS heating profile (B)

(recorded using the same conditions as in earkper@ments) of an isotactic polypropylene
polymer D9 prepared using a homogenous metallocatayst. The crystallization peak of
sample D9 in Figure 5.11 (A) is different to théttiee two other samples Z15 and Z2 (53.2
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°C versus 66.9 and 69.1 °C), and the crystallimatieak of D9 is narrower than that of Z15
and Z2. The SCALLS heating profile of sample D%igure 5.11 (B) is also different to that
of Z15 and Z2 (85.1 versus 106.3 and 103.2 °C)s&hexperiments clearly demonstrate that

SCALLS differentiates well between the crystallisatand melting behaviour of different

isotactic polypropylenes.
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Figure 5.10: SCALLS profiles of cooling (A) and heting (B) of sample Z2 (concentration 0.5 mg/ml,
cooling at 1 °C/min and heating at 1.5 °C/min).
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Figure 5.11: The SCALLS profiles of cooling (A) ancheating (B) of sample D9. concentration 0.5 mg/ml,

cooling at 1 °C/min and heating at 1.5 °C/min.
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5.3.2.2  Analysis of solution blending of different plypropylene polymers

The ability of SCALLS to measure the effect of swn blending of two different polymers

was evaluated. Results are now described.

5.3.2.2.1 Blends with similar molecular weights andifferent tacticities

The results of the SCALLS analysis of (50/50 wt Btgnds of Z2/Z15 and Z12/Z16 are
presented in Figures 5.12 and Figures 5.13, raspbgt
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Figure 5.12: SCALLS profiles of cooling (A) and heting (B) of a blend (50/50 wt %) of Z2 and Z15.
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Figure 5.13: SCALLS profiles of cooling (A) and heting (B) of a blend (50/50 wt %) of Z12 and Z16.
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Figures 5.12 (A) and 5.13 (A) clearly show thatidgrcooling a single crystallization peak is

observed for both blends, with the peak value betwthat of the two respective pure

polymers, as is the case for the heating scansi@sgs.12 (B) and 5.13 (B)). These results
are in agreement with literatufe The tacticity effect appears during the solution
crystallization of the polymers. These results ¢atk that the blends are miscible and that
cocrystallization occurred, which confirms that g@tallization of the blends occurred due to

the similarities in molecular structures, crystadlilattice structures and crytallization rates of
the pure polymers.

5.3.2.2.2 Blends with similar tacticities and diffeent molecular weights

Using samples Z3 and Z17, two materials with sintéaticities, but with different molecular
weights were blended. Details of the crystallizatiorofiles of the blends are shown in
Figures 5.14 (A) and (B). The molecular weight effappeared to be present during the
solution crystallization of the polymers. This wsgnificant, as molecular weight effects are
generally ignored during fractionation crystallinatexperiments.
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Figure 5.14: SCALLS profiles of cooling (A) and heting (B) of a blend (50/50 wt %) of Z3 and Z17.

Moreover, once again the blend showed only a sipgik in both the SCALLS cooling and

heating profiles in Figures 5.14 (A) and (B), regpely, which indicates that the blend is

miscible and cocrystallization had occurred. Reashéire indicate that the crystallization peak
of the blend during the cooling cycle is influencexre by the higher molecular weight

material.
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5.3.2.2.3 Blends of isotactic and syndiotactic polyppylene polymers

The crystallization of syndiotactic polypropylersegreatly influenced by the conditions under
which it is crystallized. Even highly syndiotacpolypropylene generally has relatively low
crystallinity since the syndiotactic run lengthsitt molecular structure are relatively short.
As a result of the relatively low crystallinity, rsgiotactic polypropylene has a low density
and it behaves rheologically differently from istita polypropylene. The crystallization rate,

crystallization temperature, and melting point ateaffected by the microtacticity of the

resins. Since syndiotactic polypropylene has a towsystallization rate than isotactic

polypropylene, syndiotactic polypropylene requieesonger crystallization time. For these
reasons, 25/75 wt % blends compositions of isataatid syndiotactic polypropylene were
analyzed in this study. Here the SCALLS coolingeratas reduced to 0.5 °C/min but the

SCALLS heating rate was the same as used in thopeexperiments (1.5 °C/min).

The molecular weights and tacticities of selectelypers were tabulated in Table 5.5. The
SCALLS cooling and heating profiles of the Z4/SP&id Z3/SPP1 blends are shown in
Figures 5.15 and 5.16, respectively. Figures 5Ap dnd 5.16 (A) show that isotactic

polypropylenes Z4 and Z3 have crystallization peaik$6.1 and 69.8 °C, while syndiotactic
polypropylene SPP1 has a crystallization peak & 46. As expected, the blends exhibited

two crystallization peak temperatures.

In the blends, the crystallization temperaturesboth materials Z4 and Z3 were slightly
changed compared to the ones had been crystadlgggatately, in the peak temperatures (76.5
°C versus 71.1 °C for Z4 and 69.8 °C versus 76.Zfsample), peak shape and peak areas.
This suggests that although the materials weremstible, but there was some interaction
between the phases. The obtained results are memgnt with those of Mulhaupt and
coworkes®? They studied the behaviour of syndiotactic andaistic polypropylene blends.

In their work, the blends were made by solubiliaatiof both polymers, mixing and
precipitation. Their work also shows that phaseassjon can not be observed by
microscopy, but the crystallization of isotactiadasyndiotactic polypropylene always occurs
separately. However, in the SCALLS heating cycles dissolution peaks for isotactic and
syndiotactic polypropylene blends (Figure 5.15 @)d 5.16 (B)) are also separated.
Therefore SCALLS is certainly a useful method téaat qualitative information about blend

compositions.
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Figure 5.15: SCALLS profiles of cooling (A) and heting (B) of a blend (25/75 wt %) of Z4 and SPP1
(concentration 0.5 mg/ml, cooling at 0.5 °C/min andieating at 1.5 °C/min).
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Figure 5.16: SCALLS profiles of cooling (A) and heting (B) of a blend (25/75 wt %) of Z3 and SPP1
(concentration 0.5 mg/ml, cooling at 0.5 °C/min andieating at 1.5 °C/min).
5.3.2.3  Use of the SCALLS heating cycle to determingeight fraction distributions

of different polypropylenes

Two different isotactic polypropylenes Z15 and ZBalfle 5.5) with different molecular

weights and tacticities were chosen in order testigate the weight fraction distribution
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using SCALLS method. Figure 5.17 shows the resafitSCALLS heating curves for the
isotactic polypropylene samples Z15 and Z8. The HCAheating data tabulated in Table

5.6 were calculated according to the percentage @reach temperature to the total areas of

all the other peaks. It can be seen that the wdigbtions of the two polymers were different.

The major amount of material of sample Z15 wasiobthat fraction temperatures 100 and
110 °C, in the case of sample Z8 it was at 90 &l °C. Furthermore, the weight fraction
distributions of both samples are considerablyedéht (see Figure 5.15). SCALLS can thus

be used as an analytical technigque to differentimtveen different polypropylenes with

different molecular composition.

Table 5.6: SCALLS heating weight fractions data ofhe isotactic polypropylene samples Z15 and Z8

Z15 Z8
Fraction (T, °C) Wi % Wi % Fraction (T, °C) Wi % >Wi %
35 2.0 2.0 35 5.0 5.0
50 1.6 3.6 50 2.2 7.2
70 15 5.1 70 6.7 13.9
90 5.4 10.5 90 16.9 30.8
100 29.9 40.4 100 9.1 39.9
110 48.6 88.0 110 43.7 83.6
120 12.0 100.0 120 16.4 100.0
——Z15
1.2 —— 278
103.2 106.7
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Figure 5.17: SCALLS heating profiles of samples Z1&nd Z8.
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Figure 5.18: Distribution of weight percentage of 425 and Z8 fractions vs. temperature (°C).

5.3.2.4  Comparison of estimation of weight fractionfrom SCALLS, TREF and
CRYSTAF
Figures 5.19 (A) and (B) show a comparison of #gsults of SCALLS cooling and heating to
CRYSTAF and TREF for the isotactic polypropylenenpée Z4. The analyses were carried
out at a cooling rate of 1 °C/min and a heating @t 1.5 °C/min. Remarkably, the results
from SCALLS cooling and CRYSTAF are comparableams of peak shapes and peak areas
and are about 7 °C apart in terms of the peak ¢emgres (76.1 versus 82.9 °C). This
difference in the temperature could be due to tifierdnce between the cooling rates of
SCALLS and CRYSTAF. The quick cooling probably iésin smaller crystals that are more
uniform in size, while the slow cooling may allowrflarger, and a wider range of, crystal
sizes, which might account for the variation in theak temperatures and peak shapes.
Moreover, the results of SCALLS heating and TREE-aso comparable, seen in Figure 5.19
(B). However, they do differ in peak temperatured éslightly) in shapes.

Figures 5.20 (A) and (B) show further comparisosutes between SCALLS cooling and
heating to CRYSTAF and TREF for the isotactic pobgylene sample produced using the
metallocene catalyst EIP14. Once again, the SCAhtdfiles (cooling and heating) show a
comparable response to the crystalline regionsnaRYSTAF and TREF. Actually,
SCALLS showed a higher resolution and a narrowspoase to the isotactic polypropylenes
than CRYSTAF and TREF. This is represented by timallspeaks that were observed
between 35 and 90 °C in the SCALLS profiles.
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Figure 5.19: Comparison of SCALLS cooling (A) and bkating (B) to CRYSTAF and TREF results of
sample Z4.
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Figure 5.20: Comparison of SCALLS cooling (A) and kating (B) to CRYSTAF and TREF results of
sample EIP 14.

In the case of syndiotactic polypropylene (SPPijl, @ mentioned earlier (Section 5.3.2.2.3)
the SCALLS cooling rate was reduced to 0.5 °C/mile tb the slow crystallization rate of
this polymer, while the heating rate kept the sameén the case of isotactic polypropylenes
(1.5 °C/min). The comparison results of SCALLS cogliand heating to CRYSTAF and
TREF results for the SPP1 are shown in Figures A2hnd (B). Basically, the results from
SCALLS heating and TREF (Figure 5.21 (B)) are corapk in terms of the peak shapes, but

there are slight differences in peak widths ank@gaas, and the peak temperatures are about
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4.5 °C apart (66.4 versus 70.9 °C) for this polynigris could be due to the cooling rates
differences and to the temperature calibrationaghdénstrument. In addition, more details can
be obtained using SCALLS heating curve at the eanges 3650 °C and 80120 °C. This is
possibly due to the different crystal sizes thatrfed during the cooling step. On the other
hand, the crystallization peak of SPP1 was not d¢etely obtained from CRYTAF, as can be
seen in Figure 5.21 (A). This is due to the low stajlization temperature of SPP1.
Conversely, as shown in Figure 5.21 (A), SCALLS waéite to capture the crystallization
peak of the same sample at 46.5 °C. However, nystadlization temperatures of SCALLS
cooling and CRYSTAF are different. These differearhperatures generally result from the
different crystallization conditions imposed by tHdferent cooling and heating histories.
Different cooling and heating histories would camyainfluence the size and number of the

resulting crystallites and subsequently affectrtfeasured turbidity.

—— SPP1 CRYSTAF —=— SPP1 TREF
—e— SPP1 SCALLS —=— SPP1 SCALLS

T T T T T T T T T 1.2 12 T T T T T
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Figure 5.21: Comparison of SCALLS cooling (A) and kating (B) to CRYSTAF and TREF results for the
syndiotactic polypropylene sample SPP1.

To investigate the quantitative measurement of S@ALLS technique, three different
polypropylenes (Z4, Z16 and SPP1 Table 5.5) witfedint molecular weights were studied.
Table 5.7 compares the weight fractions of theaistit polypropylene sample Z4 as
measured by SCALLS heating and TREF. The SCALLStiingadata were calculated
according to the percentage area of each peak tampe to the total area of all the other
peaks.
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Figure 5.19 (B) shows that the TREF peak elutionperature is about 13 °C higher than the
equivalent SCALLS heating peak temperature (12k#us 108.3 °C, respectively). As a
result, if we compare the weight percentage of éCALLS peak temperature after adding
the difference in the temperature to TREF, we demt the calculated areas (weight
percentages) for each peak are practically iddntecahe actual weight fractions obtained
from TREF. For example, if we take the peak temjpeeaof SCALLS heating at 108 °C,
which equates to a TREF elution temperature of afh@d °C (with the added difference of
13 °C), and compare it to the 120 °C fraction eutburing TREF, the total material
crystallized out at this temperature using bottiégues is 94.7 and 89.8 wt % respectively.
This experiment demonstrates that SCALLS can bel @ a quantitative tool for the

measurement of weight fractions during dissolution.

Table 5.7: Comparison of the SCALLS heating and TRE weight fraction results of the isotactic

polypropylene sample Z4

TREF data SCALLS heating data

Fraction (T, °C) Wi% | Wi % | Peak temperature (°C) Wi % Wi %
25 7.7 7.7 45 4.9 4.9
60 1.7 9.4 75 9.6 14.5
80 2.0 11.4 108 80.2 94.7
100 8.3 19.7 130 2.3 97.0
120 70.1 89.8 > 130 3.0 100.0
140 11.9 100.0 - - -

Table 5.8 shows a comparison of data for the wdiglttions of the isotactic polypropylene
sample Z16 as measured by SCALLS heating and fr®&BFT The SCALLS heating data
were calculated in the same manner as mentionagabo

Table 5.8: Comparison of the SCALLS heating and TRE weight fraction results of the isotactic

polypropylene sample Z16

TREF data SCALLS heating data

Fraction (T, °C) Wi % SWi% | Peak temperature (°G) Wi% | Wi %
25 11.3 11.3 32 1.8 1.8
60 5.8 17.1 57 1.2 3.0
80 57 22.8 77 3.3 6.3
90 4.3 27.1 102 92.4 98.7
100 10.2 37.3 125 1.3 100.0
110 54.6 91.9 - - -
120 7.6 99.5 - - -
140 0.5 100.0 - - -
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Figure 5.22 shows that the TREF peak elution teatpes is about 8.4 °C higher than the
equivalent SCALLS heating peak temperature. Thisitigbuted to the difference in the
heating rates of the two technigues. Once agaimeifcompare the results of the weight
fractions of the SCALLS heating process and TREF, fimd that they are equivalent
techniques.

A further example is described. If we take the pwakperature of SCALLS heating at 102
°C, which equates to a TREF elution temperaturealmput 110.4 °C (with the added
difference of 8.4 °C), and compare it to the 110ff&&tion eluted during TREF, the total
material crystallized out at this temperature fothbtechniques is 91.9 and 98.7 wt %,
respectively. The reason for differences in thegivefraction estimations during heating may

be as described below.

During crystallization, the polymer chains preapét out of solution once their crystallization
temperature is reached. The amount that precipitaténdependent of the crystal structure
formed. During dissolution or elution, the amourit avystallized polymer that melts or

dissolves at a given temperature depends on ttstadite size. If a wide range of crystallite

sizes is formed during the crystallization stepntree broader temperature range will be
observed during dissolution.
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Figure 5.22: Comparison of SCALLS heating to TREF esults of sample Z16.

Table 5.9 compares the weight percentage results 8CALLS heating and TREF for the
syndiotactic polypropylene sample SPP1. The redwdts SCALLS heating and TREF are
comparable, as in the case of the isotactic popypeme samples Z4 and Z16. Throughout all

of the observed results, it is surprising that wedght fractions of the individual polymers
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measured from SCALLS are quantitative. The turb&ms response to the crystallized

polymer depends on the number and size of crystakent.

Table 5.9: Comparison of the SCALLS heating and TRE weight fraction results of the syndiotactic
polypropylene SPP1

TREF data SCALLS heating data

Fraction (T, °C) Wi % >Wi % Peak temperature (°C) Wi% | SWi %
25 12.7 17.7 33 1.8 1.8
60 34.3 47.0 44 2.1 3.9
70 27.8 74.8 67 86.9 90.8
80 16.2 91.0 90 3.8 94.6
90 5.6 96.6 107 3.1 97.7
100 1.7 98.3 122 2.3 100.0
120 1.7 100.0 - - -

5.4 Conclusions

DSC results of the bulk crystallization of all tharious polypropylene blends showed only
one melting peak, which indicates that that coatiizaition of the blends occurred. Although
single melting peaks of blends are usually assediatith a high extent of cocrystallization,
two broad overlapping distributions of thicknessesseparate crystals, one from each
component, could also lead to single broad endotbeihis leads us to believe that the
crystallization behaviour of the polymer blends thre bulk is strongly affected by the

configuration (tacticity) and molecular weight betpolypropylene polymers.

Turbidity analysis of the polypropylene polymerstaobed using SCALLS provides good
crystallization information that is similar to CRYAF and TREF. In a SCALLS experiment,
the turbidity of a polymer solution is measured lvlthanging its temperature at a controlled
rate. The resulting turbidity profile represents tiprecipitation or dissolution of the

crystallized polymer at a given temperature.

In this study, it was possible to differentiateviben polypropylenes with similar chemical
structure but different tacticity and molecular gigi SCALLS data showed that the blends of
different isotactic polypropylene polymers were ciide and cocrystallization occurred,
whereas the blends of syndiotactic polypropylerg @ifferent isotactic polypropylenes were
not miscible and some interaction between phasasied. In addition, SCALLS can be used

as a quantitative tool for the measurement of weigictions during dissolution.

According to results obtained in this study andsjmes literaturé???®we can conclude that a

SCALLS apparatus is simple to operate and is inesipe, compared to the cost of operation
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and maintenance of other fractionation instrume@isen the flexibility of the instrument,
experiments can be designed to help further theenstehding of the fractionation and
crystallization of polymers. Moreover, the simplgugpment set-up and operation of the
SCALLS allows for the flexibility to perform crydteation experiments in different solvents.
This is a distinct advantage over other techniguet as CRYSTAF and TREF that generally

require the use of TCB for its high temperature arsa ability to dissolve of polyolefins.
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CHAPTER 6

Morphological and mechanical properties of polyprogylene and
polypropylene blends

6.1 Introduction

Polypropylene is one of the commodity polymers usethe largest quantity today. Its good
mechanical properties and relatively low price heso the continuous growth of its

production and the expansion of its market. Iticolwusly increasing application accelerates
research in all related fields, including the pregian of isotactic polypropylene based

composites and blends.

The mechanical and physical properties of polypkepy are influenced by a number of
factors. The mechanical properties of the majaftpolypropylene homopolymers, are apart
from processing conditions, influenced by theiralogical and crystallization behaviour.
The degree of crystallinity is probably considee=ithe most influential property that can
affect the physical and mechanical properties pblgpropylene samplé An increase in
crystallinity is often related to an increase iogerties such as the stiffness or modulus of a
sample, while other factors such as the impacnhgthegenerally decrease with increasing
crystallinity. Molecular weight also plays a sigo#nt role in determining the degree of
crystallinity and crystallization rate, and alse tnechanical and physical properféghe
molecular weight has also been shown to influeiheeglass transition temperature,)(df
polymers, with higher molecular weight samples hg\a higher 3’.[5] This in turn influences
the mobility of chains at room temperature, anateipolypropylene has a; Tange in the
region of 0 °C, variations in the;Temperature range can have an effect on theabilithe
material to displace energy at low temperature® fEisticity of polypropylene samples also
influences the mechanical and physical properii&snerally polymers of higher tacticity

have improved crystallinity and form stiffer matesi®

Polymer blends have received much attention for yndecades. Their morphology,
crystallinity, microstructure, melting and crysizdition behaviour are strongly dependent on
the blend components' The preparation of polymer blends is an importaay wo modify
the target properties of individual polymers acaugdo the requirements of the applications.

Isotactic polypropylene based blends have been Iyvigidied™® Blends of isotactic
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polypropylene and syndiotactic polypropylene hagerbwidely studied, due to the fact that
syndiotactic polypropylene exhibits good mechanaradl optical properties, which depends
on the syndiotactic degree and the average moleawda@gyht. These characteristics can be
used to improve the commercial isotactic polyprepgl produced using conventional Ziegler-
Natta catalysts. These blends can compete with &ETPVC for packaging applicatiof¥.
Moreover, the blends show that phase separation noénbe observed by microscopy;
although the crystallization of isotactic and swdctic polypropylene always occurs
separately. The morphology of the blends is wid#&lfltuenced by the crystallization

kinetics!*®!

6.2 Experimental

6.2.1 Sample preparation for mechanical tests

Test specimens were injection moulded into standaks for morphological and mechanical
tests with a HAAKE MiniJet Il injection moulder. €hinjection moulding temperature was
190 °C and the injection pressure was 200 bar.diimensions of the standard disks are 20.0

mm in diameter and 1.5 mm in thickness.

6.2.2 Preparation of etching reagent

Permanganic etching of polyolefins was used to gmepsamples for the study of the
morphology. This technique has been used by segesaps for polyolefin€®?*! Potassium
permanganate (1 g) was dissolved in 100 ml of aceomated solution of 33 vol %
phosphoric acid and 67 vol % sulphuric acid. THettn was prepared by adding potassium
permanganate very slowly to the beaker containioiip lacids, with rapid agitation. After
adding all the potassium permanganate, the beakerciesed and the content stirred until all
the potassium permanganate was dissolved (a dad&ngpurple solution formed). All

polypropylene samples were etched at room temperatu

6.2.3 Procedure of the etching process

Specimens from each polymer, with approximate dsiars of length 10 mm, width 5 mm
and thickness 1.5 mm, were cut from the disks pezbas described in Section 6.2.1. Each
sample was immersed in about 10 ml of the etcha@agent in a beaker for a period of 60

minutes. This permananic acid solution prefereigtigitiches the amorphous part of the
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polymer in the spherulites, in such a way thatlémeellae then appear clearly. Subsequently,
the specimens were carefully washed with hydrogaoxide, distilled water and acetone, in
order to avoid any artefacts caused by pollutioieot$. samples were finally dried in a

vacuum oven at 45 °C for 5 hours.

6.2.4 Determination of morphology

6.2.4.1 Optical microscopy

A Zeiss Axiolab optical microscope (magnification58-100 um) with a high resolution
camera CCD-IRIS (Sony) was used to examine theedtdlisks, to investigate the crystal

structure.

6.2.4.2 Scanning electron microscopy

Scanning electron microscopy (SEM) analysis of edctlisks was performed using a Leo®
1430VP scanning electron microscope operated a\V1lof acceleration voltage at room
temperature. All the surfaces to be studied wesdetbwith gold under vacuum in order to

eliminate any undesirable charge effects during3ad observations.

6.2.5 Determination of mechanical properties

6.2.5.1 Dynamic mechanical analysis

Samples for compressive dynamic mechanical analid$A) were analyzed using a Perkin
Elmer DMA 7e calibrated according to standard pdoces. The samples were first melted at
180 °C for 8 minutes and then melt pressed at tdvaperature at 5 MPa pressure. The
samples were analyzed using a 5 °C/min heating naitipan applied force oscillating at a
frequency of 1 Hz. The static force was kept camtstéd 110% of the dynamic force. The

temperature range analyzed was between -40 °C 3hdC2

6.2.5.2 Microhardness

Microhardness (MH) measurements were conducteddlamicrohardness tester equipped
with a Vickers indenter. Measurements were obtaumgdg an indentation speed of 2&/s
and a dwell time of 15 s. Samples were analyzednd¢ntation loads of 10 gf. Ten

measurements were recorded for each sample analyzed
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6.3 Results and discussion

6.3.1 Morphological properties

OM and SEM were used to study the effect of theemudhr weight and tacticity on the
crystal structure of the polypropylene polymers afsb to observe the crystalline structures
of different polypropylene blends. Table 6.1 sumaesw the selection of polypropylene
polymers and fractions used in the morphologiaadiyt

Table 6.1: Characterization data of the polypropyl@es used in the morphological study

Samples

M

Mw/Mp | mmmm % Tm (°C) Tc (°C) | AHm (3/9) | Xc (%)
Z4 252956 5.4 94.0 160.6 116.5 103.9 50,0
Z5 312580 4.1 96.0 161.9 118.4 108.9 52,0
714 215 397 5.9 86.0 157.5 119.8 90.5 43)0
Z4(120) | 195 693 4.3 98.0 160.0 116.0 119.f7 57.0
Z5(120) | 207 823 2.9 96.0 161.0 1180 103.2 49.0
Z9 (110) | 110 387 3.4 98.0 158.7 118.4 110.[7 53.0
Z5(120)/
Z4(120) - - - 160.2 115.4 91.5 44.0
blend
SPP1 174 000 2.3 93.0 | 111.9-126.5 66.1 33.3 15.9

& syndiotacticity (rrr %)

6.3.1.1 Optical microscopy analysis

First, the effect that the molecular weight has te crystal structure of different
polypropylene samples was studied. Figures 6.1 Aand C show OM micrographs of
polypropylene fractions Z5 (120), Z4 (120) and 29@) respectively, which differ in their
molecular weight (see Table 6.1). They exhibit@dstl a-modification spherulite structure of

isotactic polypropylenes crystallized from the m@&lhese figures show that all the isotactic

polypropylene fractions have well-defined and

largespherulitic morphology. The

spherulites grew, impinged on each other, and fdrpeerticular polygonal spherulites with
clear boundaries. Indications are that, sincehalldbserved spherulites grew at the same rate

and their observed size is uniform, the nuclei farened immediately after cooling to the

crystallization temperature and their number res@ionstant thereafter. The only effect of

the molecular weight that can be noticed in Figété is the slightly morphological

differences in the sign of birefringence, magnitofiéhe birefringence and spherulite texture.
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Figure 6.1: Optical micrographs of isotactic polypopylene fractions: A) Z5 (120), B) Z4 (120) and

C) Z9 (110) (magnification: 5 x 16).

Second, the effect of tacticity on the crystal ciinee of different isotactic polypropylenes was
studied. Figures 6.2 A, B and C show OM micrographpolypropylenes Z5, Z4 and Z14,
which differ in their tacticities (Table 6.1). THigures show that, under similar crystallization
conditions, the dimensions of the crystal structwethese different isotactic polypropylene
samples decrease in size with tacticity. This effean be explained by the restriction of
movement of polymer chains caused by chain defiectsw tacticity polymers during the

crystallization process, resulting in slower crilitation and hence the formation of smaller

spherulites. Similar results were obtained by @it researchef& 2!

Figure 6.2: Optical micrographs of isotactic polypopylene polymers: A) Z5, B) Z4 and

C) Z14 (magnification: 5 x 1G).
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The OM micrographs of isotactic polypropylene blendf two different isotactic
polypropylene fractions Z5 (120) and Z4 (120), shaw Figures 6.3, show that the blend of
the two fractions (Figure 6.3 C) has the same tyfpe-modification spherulite structure of
isotactic polypropylenes. The only slight differescare the size of the crystals and the
manifestation of birefringence. These results iagcthat the two isotactic polypropylene

fractions are miscible.

Figure 6.3: Optical micrographs of isotactic polypopylene fractions and their blend: A) Z5 (120),

B) Z4 (120) and C) Z5(120)/24(120) blend (magnifi¢en: 5 x 10).

Figures 6.4 A, B and C show the OM micrograph aftdstic polypropylene (Z5),
syndiotactic polypropylene (SPP1) and isotacticddgytactic polypropylene blend (Z5/SPP1)
respectively. In general, syndiotactic polypropgemsually appears as needle-like entities

(Figure 6.4 B), whereas for isotactic polypropylesgherulites are usually observed.

Figure 6.4: Optical micrographs of : A) isotactic plypropylene Z5, B) SPP1 and C) Z5/SPP1
(magnification: 5 x 1G).
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The presence of syndiotactic polypropylene appéarsfluence the growth and size of
isotactic polypropylene spherulites, resulting imigy crystal structure. As it is shown in
Figure 6.4 C, for the blend, isotactic polypropyespherulites are almost unable to be seen,
indicating a decrease in the crystal size. The Isama imperfect crystallites formed in the
Z5/SPP1 blend are beneficial to promote the elfstid isotactic/syndiotactic polypropylene

blends. Similar results were reported in a numbaricles™® 272

6.3.1.2 Scanning electron microscopy analysis

SEM is a particularly well-suited instrument, esp#¢ since specific etchants have been
developed which are capable of revealing the spitersubstructure. The structure of bulk
samples of polypropylene can be investigated bypl&n$EM examination, at much higher
magnification and with better resolution than winsing the optical microscope.

Figures 6.5 A, B and C show SEM micrographs oftyipécal crystallization morphologies of
the isotactic polypropylenes fractions Z5 (120), (220) and Z9 (110), respectively, which
differ in their molecular weights. All these isatiagpolypropylenes revealed well-defined and
large spherulitic morphology, comprising a mixtwe al (disordered) anai2 (ordered)
crystal form structures. The spherulites grew, mgpid on each other, and formed particular
polygonal spherulites with clear boundaries. Mosgpwne can clearly see the individual
lamellae and lamellar branching structure in thdMS&icrographs in Figure 6.5. The samples
consist of crosshatch-type lamellar branching stines, which is the typical characteristic of
thea crystal form of isotactic polypropylenE&=YIn contrast to OM results, clear differences

can be distinguished between the three differestctic polypropylene samples shown in

Figure 6.5.

Figure 6.5: SEM micrographs of isotactic polypropyéne fractions: A) Z5 (120), B) Z4 (120) and

C) Z9 (110) (3000x magnification).
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These exist in the variety of spherulite sizes aptherulite types classified by their
appearance, including the sign and nature of mgénce and crystal lattice. The average
diameter of Z5 (120) spherulites is about 5+if (Figure 6.5 A). Smaller dominarmt
spherulites (about-80 um) are observed for Z4 (120) and Z9 (110) (FiguBesand C

respectively).

Figures 6.6 A, B and C illustrate SEM micrographpalypropylenes (Z5, Z4 and Z14) that
differ in their tacticities (Table 6.1). Similar those results obtained from OM above, SEM
also showed in Figure 6.6 that the sizes of theeispites were decreased drastically with
decreasing tacticity. In addition, with decreasitagticity, the spherulites showed less
perfection and the sharp spherulite boundaries rbecaore diffuse (Figure 6.6 C). The
sample Z5 with 96.0% tacticity has the biggest splite sizes (1525 pm) while samples Z4
and Z14 with 94.0 % and 86.0% tacticities have gghe sizes about-5l5 and 3 pm
respectively. SEM micrographs (Figures 6.6 A ancaBd show that there are small dimples

on the etched surface of samples Z5 and Z4 may gyawaters and holes. This is due to the
21, 22, 32, 33]

extractions of the rubbery materials by the etcisahition!

Figure 6.6: SEM micrographs of isotactic polypropyéne polymers: A) Z5, B) Z4 and

C) Z14 (3000x magnification).

Figure 6.7 C shows the SEM micrographs of isotgmigpropylene blend (25(120)/24(120))
of two different isotactic polypropylene fractiods (120) and Z4 (120) (Figures 6.7 A and
B). One can clearly see from Figures 6.7 A, B antha the sign and nature of birefringence
and crystal lattice of tha-spherulites of the blend are similar to thosehef polypropylene
fraction with higher molecular weight (Z5 (120)kigure 6.7 A). In general, the blend has the
same type obi-modification spherulite structure of isotactic ymlopylenes which indicates

that the two isotactic polypropylene fractions mmiscible polymers.
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Figure 6.7: SEM micrographs of isotactic polypropyéne fractions and their blend: A) Z5 (120),

B) Z4 (120) and C) Z5(120)/24(120) blend (3000x maiication).

Figure 6.8 C shows the SEM micrograph of isotasyiediotactic polypropylene blend
(Z5/SPP1) of isotactic polypropylene sample (Z5)g@Fe 6.8 A) and syndiotactic
polypropylene sample (SPP1) (Figure 6.8 C). As imartl above in the OM results (Figure
6.4 C), the blend presents a grainy crystal stract@his indicates that the presence of

syndiotactic polypropylene influences the growttd ahe size of isotactic polypropylene

spherulites, which leads to less perfect sphesulite

Figure 6.8: SEM micrographs of: A) Z5, B) SPP1 and€C) Z5/SPP1 blend (3000x magnification).

6.3.2 Mechanical properties

In order to correlate the structure of the polygtepe homopolymers and polypropylene
blends with the mechanical properties, the sampler® analyzed using microhardness and
DMA.
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6.3.2.1 Microhardness

Microhardness (MH) is a significant mechanical magle in polymers. It indicates the
resistance of a material to plastic deformation, aadordingly, provides an idea about local
strain. MH involves a complex combination of prdpes (elastic modulus, yield strength,
strain hardening, toughness). It is dependent gtarctural parameters (molecular weight

and degree of isotacticity) and thermal treatment.

According to literaturé*3" all the parameters that lead to an increase otailysty and
crystallite sizes (lamellar thickngswsill also lead to higher MH values. Hence, theheigthe
isotacticity is the greater the MH values are faufde effect of the molecular weight and
molecular weight distribution on the crystallinitgf the polypropylene samples was

investigated and results are illustrated in Fighge

%)

c

Crystallinity (X

Figure 6.9: The effect of molecular weight and molular weight distribution on the crystallinity of the

isotactic polypropylene polymers.

The samples of low molecular weight generally havwwoader molecular weight distribution,
and vice versa. The molecular weight distributicas tan effect on the crystallinity; the
samples with a higher degree of crystallinity disve a lower molecular weight distribution,
and samples with lower degree of crystallinity aehhigher molecular weight distribution.
On the other hand, there is a slight increaseadrctistallinity of the samples with an increase

in the molecular weight.
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Figure 6.10 shows the combined effect of the mdéeoneight and isotacticity on the degree
of crystallinity of the polypropylene samples. Téiés a remarkable increase in crystallinity as
the isotacticity is increased, from about 93% t&e9& is also notable that the samples with
higher molecular weight have a higher isotacticity,expected, since the more stereospecific
sites have a higher propagation constant ratg. (Rhis is in agreement with the results
obtained by Sakuraét al.B® with regards to the relationship between isotagti@nd
molecular weight. Moreover, Figures 6.9 and 6.16wskhat the crystallinity of the samples
was largely affected by the isotacticity, whicharlg dominates over other effects such as
molecular weight and molecular weight distributioBait molecular weight and molecular

weight distributions do play a role when the istitaty values are similar.
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Figure 6.10: The combined effect of molecular weigland isotacticity on the crystallinity of the isosctic

polypropylene polymers.

Looking at the combined effect of the molecular gii and crystallinity on the
microhardness of the samples, as shown in Figure, generally one can see that there is a

major increase in the MH with increasing molecu@ight and crystallinity of the samples.
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Figure 6.11: The combined effect of molecular weidghand crystallinity on the microhardness of the

isotactic polypropylene polymers.

Since that the most important factor affecting trystallinity of these polypropylene
polymers is the isotacticity content, the combingffect of the molecular weight and

isotacticity on the MH of the samples is illustichta Figure 6.12.
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Figure 6.12: The combined effect of molecular weigtand isotacticity on the microhardness of the

isotactic polypropylene polymers.

It appears that there is a significant increasthénMH with increasing isotacticities of the

samples. Hence, it can be said that the higheistitacticity the greater the MH. This means
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that the most important factors affecting the MHtleése polypropylene homopolymers are
those that lead to an increase of crystallinitycdxdingly, the main parameter effect the
crystallinity can be considered as the isotactidiéggree of the samples. It is reasonable that
the higher isotacticity content allows easier retalfization upon the application of an
external force to the sample, thus improving thelhass of the sample upon indentation. The

magnitude of the effect of the tacticity of the ygopylenes on the properties of the polymer
has also been discussed by De Ragh %

The results of the MH of different polypropyleneibtls (50/50 wt %) are shown in Table 6.2.
According to Floregt al.*”) MH of a polymer blend can be described in termaro&dditive

system of two independent components, as in thatmgubelow.

MHp=MH; @+ MH, (1 - )

where MH, is the hardness of the blend and M&hd MH are the hardness values of the
single components anglis the weight fraction of component 1. Howeveryidgons from
this equation may occur, depending on the varidtiarystallinity of each phase in the blend.
As can be seen in Table 6.2, the blends of thediferent isotactic polypropylenes, Z3/Z17
and Z4/Z14 blends, have MH values between the satighe two homopolymers, which

depend on the type and degree of the crystallofithe blends.

Table 6.2: MH results of different polypropylene bends (50/50 wt %)

Sample (|I—_||€<1/r%r.18 i)s mmmm % My Mw/My X (%)

Z3 7.5 93.0 184 759 6.1 50.0

Z17 6.2 93.0 65 498 8.2 48.0
Z3/Z17 Blend 6.6 - - - 51.0

Z4 7.4 94.0 238 960 6.3 50.0

Z14 6.1 86.0 215 397 5.9 43.0
Z4/Z714 Blend 6.3 - - - 44.0

Z5 7.7 96.0 271974 5.6 52.0
SPP1 4.2 9390 174 000 2.3 16.0

Z5/SPP1

Blend 4.8 - - - 36.2

& syndiotacticity (rrr %)

It is also noteworthy that syndiotactic polypropyesample (SPP1 in Table 6.2) has a low
MH value, due to the low crystallinity degree ahd different types of crystals. The presence
of syndiotactic polypropylene in the Z5/SPP1 blégalls to a decrease the MH value of the
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isotactic polypropylene sample Z5. This is due teduction in the growth and the size of
isotactic polypropylene spherulites, which leadsess spherulite perfection, as shown in the
OM and SEM results.

6.3.2.2 DMA

The DMA technique is often used to get an indicatibthe physical properties of samples. It
is a very sensitive technique, and capable of datga number of different transitions and
relaxations that take place in a material at aagertemperature. Semicrystalline polymers
show several types of relaxation phenomena thatbeadetected by DMA. As a result of
certain molecular motions, a storage modulus deesr a loss modulus peak appears on
the mechanical relaxation curve. In the case ofaim@ polypropylene, three different
relaxation processey, (3 anda) due to molecular motions can be observed from°&Q@o
nearly the melting temperatuf&*®! However, only a few studies have focused on the
influence of molecular weight and tacticity on thelaxation mechanisms of isotactic

polypropylenég?=3544!

Thea relaxation is associated with motion within thgstal phase of isotactic polypropylene.
It has been reported that this relaxation is duthéodiffusion of defects in the cryst&t*®
However, links between crystalline and amorphouaspk imply that the amorphous phase
around crystallites also contributes to this precasd is induced by the migration of defects.
The B relaxation has been known with the glass tramsitsd the amorphous fraction of
isotactic polypropylene, but it has been reporteat interaction with the crystal phase is a
variable to be considered. Eventually, theelaxation varies little with crystallinity. It sa
been attributed to local motions of methyl grougthin the amorphous phase of isotactic

polypropyleng®4"!

6.3.2.2.1 Effect of molecular weight

Figure 6.13 shows the storage modulus of diffeieatactic polypropylene samples with

different molecular weights, as a function in tenapere. The storage modulus values
practically increase with increasing molecular virtion the temperature range measured for
the different samples. This is in agreement witlke tlesults obtained above from the

microhardness test. Moreover, similar behaviourtieen observed by other researcHérs.

The reason for the increase in the storage moduallues with increasing molecular weight is
due to the higher degree of crystallinity and thespnce of a larger number of molecular

weight entanglements per chain for the higher moscweight polymers. Furthermore, an
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increase in the lamellar thickness as the moleauddght increases also lead to higher storage

modulus value¥!

—e— 73 (Mw 184 759 g/mol)
2.1x10° 4 —e— 78 (Mw 228 960 g/mol)
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Figure 6.13: Storage modulus curves as a functiorf temperature for isotactic polypropylene samples

with various molecular weights.

The detailed plot of ta® of these isotactic polypropylene samples, as atiiom of the
temperature, ranging from -40 to 80 °C is preseiidelgure 6.14. Actually, the tamcurves
basically represent the ratio of the ability of thaterial to store and lose energy, which is
sometimes referred to as the clamping ability ofmaterial. It can also be taken as a
measurement of the impact properties of the matdris apparent from Figure 6.14 that
transition, corresponding to they f isotactic polypropylenes, which occurs over the
temperature range 300 °C, is slightly shifted to a higher temperata® the molecular
weight increases (from 16 °C for Z3 sample witly 184 759 g/mol to 20 °C for Z5 sample
with My, 312 580 g/mol). As that the samples with lower ecalar weights are less
crystalline and therefore contain more amorphouterizh. The explanation is that the chains
have far greater mobility in the amorphous phas¢he lower molecular weight samples
compared to the samples with higher molecular weigiWe do however also have to take
into consideration the change in the molecular packn the amorphous phase. Denser

packing of the molecular chains leads to a redadtiche molecular motion.
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The areas of th-transitions of the samples, after subtraction éhear baseline, are given
in Figure 6.15. Figure 6.15 shows that the mageitod the B-transition increases with
increasing molecular weight. Similar results webtamed by Steret al.,'” who found that
the higher molecular weight polymers are generaligracterized by largdi-transition. In
fact, a decrease in the mechanical transition ®fitprocess is associated with a reduction in

the mobility of the polymer chains in the amorphphasé? %!

—e— 73 (Mw = 184 759 g/mol)
—e— Z8 (Mw = 228 960 g/mol)

Z4 (Mw = 252 956 g/mol)
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Figure 6.14: Tand curves as a function of temperature for isotactipolypropylene samples with various

molecular weights.
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Figure 6.15: The magnitude of the area of th@-transition for isotactic polypropylene samples wih

various molecular weights.
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6.3.2.2.2 Effect of isotacticity

Figure 6.16 shows the difference in the storageutusdcurves as a function of temperature
for isotactic polypropylene samples with varioustégticities. Compared to the results
obtained from varying the molecular weight in Sewcti6.3.2.2.1, isotactity of isotactic

polypropylene samples has further effect on theralv@iscoelastic response as shown in
Figure 6.16.
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Figure 6.16: Storage modulus curves as a functiorf temperature for isotactic polypropylene samples

with various isotacticities.

The storage modulus is greater in the higher isictgolypropylene samples than in those
with lower tacticity over the whole temperaturegarstudied (1.51 x $®a for Z4(120) with
98 mmmm % vs 0.84 x 1BPa for Z14 with 8nmmm %) as shown in Figure 6.16. Moreover,
this effect is also observed in the location antérisity of thef-transition temperature, as
shown in Figure 6.17. As the isotactic content @ases, the location of thgtransition
temperature is considerably shifted to higher teaipees but its intensity decreases
significantly in the higher isotactic polypropylefractions Z5(120) and Z4(120), as seen in

Figure 6.18, which shows the areas offiFeansitions of the different samples.

All of these features can be associated with thbdridegree of crystallinity that more regular
chains can reach during their crystallization,, ias isotacticity is increased in the isotactic
polypropylene macromolecules. Therefore, the lowestent of amorphous regions is in the
Z4(120) sample, because its higher crystallinity £X57%, Table 6.1) leads to its higher

storage modulus, a decrease in magnitude offfttransition and the displacement of its
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location to higher temperatures, due to the hidiiedrance of motions within the crystalline
phase.
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Figure 6.17: Tand curves as a function of temperature of isotacticgypropylene samples with various

Isotacticities.
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Figure 6.18: The magnitude of the area of th@-transition of isotactic polypropylene samples withvarious

isotacticities.

6.3.2.2.3 DMA of blends

Figures 6.19 shows the storage modulus curvedwasctdon of temperature for a 50/50 wt %
blend of two different isotactic polypropylene sde®p Figure 6.20 shows the storage
modulus curves as a function of temperature forO&® wt % blend of isotactic and

syndiotactic polypropylene samples. Over the feihperature range of the experiment, the

storage modulus curve of the blend of the two diffe isotactic polypropylenes is always
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between the storage modulus curves of the twodsotaomopolymers, which indicates that

the two isotactic polymers are miscible.
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Figure 6.19: Storage modulus values as a functiorf temperature for a 50/50 wt% blend of two differert

isotactic polypropylene samples.
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Figure 6.20: Storage modulus values as a functior temperature for a 50/50 wt% blend of isotactic ad

syndiotactic polypropylene samples.

On the other hand, the storage modulus curve ofigb&ctic/syndiotactic polypropylene
blend in Figure 6.20 shows a different behaviouithill the temperature range of -40 to 10
°C (below the T), the blend shows a lower storage modulus valo@s both polypropylene

homopolymers. After that (above 10 °C) the storagelulus of the blend begins to have
higher values than the storage modulus valueseo$yhdiotactic polypropylene sample. This
could be due to the partial miscibility of the imdiic and syndiotactic polymers at

temperatures higher than their glass temperat@eserally, and as shown above in the OM
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and SEM results, the addition of syndiotactic pabyylene markedly destroys the isotactic
polypropylene spherulites and creates defects anigbtactic polypropylene crystals, hence
decreasing the crystallinity of the blends, andlile@ to the decrease of storage modulus

values for the isotactic/syndiotactic polypropyldaends.

6.4 Conclusions

OM results showed that, all isotactic polypropylesanples had well-definea-spherulitic
morphology. Molecular weight had same effect on i@phology of the polymers, which
was attributed to the morphological differences the sign and magnitude of the
birefringence, and spherulite texture of the pakgytene samples. OM results also showed
that tacticity had a graeter effect on the morpbigia structure of the isotactic
polypropylenes. The decrease in isotacticity le¢ads clear decrease in the dimensions of the
crystal structures for the different isotactic pwlypylene samples. Furthermore, OM
indicated that the blends of two different isotagiblypropylene samples are good miscible
polymers, while the blends of isotactic/syndiotaqgtiolypropylene samples are immiscible

polymers.

SEM analysis showed that the various isotactic polyylenes presented well-defined and
large spherulitic morphology comprising mixtureodf (disordered) and2 (ordered) crystal

form structures. Moreover, by using SEM analysiwas possible to visualize the individual
lamellae and lamellar branching structure. Sintidathe results obtained from OM analysis,
SEM also showed that there is a clear effect ofecudhr weight and tacticity on the crystal
structure of the various polypropylene samples. iRstance, SEM images showed that the
sizes of the spherulites were decreased drastiaéty decreasing tacticity. In addition, with

decreasing tacticity the spherulites showed lesHeqton, and the sharp spherulite

boundaries became more diffuse.

Results of the MH test showed that, all the pararadtet lead to an increase in crystallinity
and crystallite sizes (lamellar thickngsell provide higher MH values. The crystallinityf o
the samples was shown to be clearly related tamntbkecular weight and molecular weight
distribution, as well as to the isotacticity of tsemples. Higher molecular weights, narrower
molecular weight distributions and higher isotatis improved the crystallinity of the
polypropylene samples. The molecular weight andtatflnity both had an effect on the MH.
The harder samples generally comprised more cliystamaterial of a higher molecular

weight. However, the property found to affect thél Nhe most was the isotacticity of the
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samples. Samples with higher isotacticity had higllel values. Results of the MH tests also
showed that blends of two different isotactic pobgylenes presented MH values between
the values of the respective two MH values of thmbpolymer samples, which depended on
the type and degree of the crystallinity of thenble Moreover, MH tests showed syndiotactic
polypropylene has a low MH value due to the lowstallinity degree and the different types
of crystals. The presence of syndiotactic polyplepg in a blend with isotactic
polypropylene leads to a decrease in the MH valuthe isotactic polypropylene samples.
This is due to the reduced growth and size of @itgolypropylene spherulites, which leads

to less spherulite perfection, as evident in OM S8&# results.

DMA analysis showed that the storage modulus @adlansition temperature values

practically increased with increasing molecular gitiand isotacticity over the temperature
range measured for the different samples. This agreement with the results obtained from
the MH tests. The reason for the increasing stomageulus values with increasing the
molecular weight and isotacticity is the higher idegof crystallinity and the presence of a
larger number of molecular weight entanglementsgbain for the higher molecular weight

polymers. Furthermore, an increase in the lamealdckness as the molecular weight

increases also leads to higher storage modulugsalu
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CHAPTER 7

Synopsis and conclusions

By using Ziegler-Natta and metallocene catalystesys under different conditions it was
possible to produce polymer samples of a wide tiariain tacticity and molecular weight.
Preparative TREF allowed us to produce polymertifvas of well defined structure in terms
of molecular weight and molecular weight distriloats, as well as tacticity. Furthermore, it is
obvious that the polymerization conditions play ajon role in the production of materials
with distinct differences in their composition. Taare a number of different ways to control
the composition of the polymers produced by thafferdnt catalysts, and that therefore the
microstructure of the properties can be tailoreal thie polymerization conditions to obtain
polymers with certain characteristics. The cond#iacan essentially be tailored to adapt a

certain application for which the material is raquli

Firstly and with regarding to the use of molecuigdrogen as a terminating agent to control
the molecular weights of the produced polymers,earease in molecular weight with

increasing hydrogen amount was observed and itsdnthat the addition of a small amount
of hydrogen can cause a significant drop in theemdbr weight of the chains. A sharp
increase in the degree of crystallinity of the asaiwas also noticed upon

increasing the amount of hydrogen, most likely doghe lower molecular weight which

makes the motion of chain molecules easier allowliegreorganization of the chains in order
to crystallize more perfectly. It is also possilthat the tacticity of the chains could have
improved slightly as the amount of hydrogen wasdased in case of Ziegler-Natta polymers,
while the isotacticity of the polypropylenes proddcmetallocene catalysts was slightly

reduced.

The effect of the type of electron donor on Ziegltta catalysts was also investigated. In
general we can say that the presence of electroargan MgC2:-supported catalyst systems
for polypropylene polymerizations play an essemidg in determining not only isotacticity

but also polymer yield, molecular weight and molacweight distribution. These factors are
interrelated and to a large extent are dependetitregio- and stereoselectivity of the active
species, which can change during chain growth déipgron the nature of donor coordination

in the environment of the active species. In gdndhee isotactic stereoregularity of the
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polymers produced in the presence of the EDs (DPCvi& MPDMS) indicates a high
proportion of isotactoid sequences. It is likelgitthe EDs are more easily displaced from the
catalyst surface, giving a relatively labile cooation. This possibly will lead to the
formation of high isospecific active sites on thaatyst surface. Moreover, it is noted that
differences in the type of ED and amount of hydrogéearly result in differences in the

microstructure of the produced polymers.

TREF was efficiently used to fractionate polypragmg polymers into different amounts of
fractions desired, depending on the minimum wedjtihe fractions needed for the necessary
analyses. TREF gave a good recovery percentagbosea99 wt %. TREF fractionation of
the polypropylene samples produced by Ziegler-Nedtalysts in the presence of EDs were
eluted mainly at 110 °C and 120 °C fraction while polypropylene samples produced using
metallocene catalysts were eluted at mainly thé@@nd 90 °C fractions. Furthermore, the
weight fraction results showed that polymers preducsing Ziegler-Natta catalysts have
significantly lower weight percentage fractions the room temperature fraction than those
produced by metallocene catalysts. In generalnblecular weight and the isotacticity of the
TREF fractions are all increased significantly witicreasing the elution temperature for all
samples produced using Ziegler-Natta and metalloatalysts. This is a clear sign that the
molecular weight plays a significant task in thactronation mechanism of TREF. There are
fractions present with negligible differences immmm pentad content which elute in
consecutive fractions. In case of the polydispgisitthe TREF fractions, it was clear that the
lower temperature fractions have a broader didiohuof molecular weight chains than the
higher temperature fractions. Overall, the polydrsjty of the TREF fractions of all fractions
tends to decrease as the elution temperature Besedhe values are all relatively low
(exception being the 25 °C fraction which has highydispersity) as one would expect from
TREF fractions where small sections of a polymes @molated. Generally, the thermal
properties in terms of JJ T, and degree of crystallinity of the TREF fractiomgproved with
fractionation temperature up to 120 °C and 100 r&ctions for all fractions produced using
Ziegler-Natta and metallocene catalysts respegtiadter which there was a slight decreases
in the properties due to the co-crystallization mfterial trapped during the TREF

crystallization process.

For syndiotactic polypropylene sample SPP1, mo&cweight, syndiotacticity, melting
temperature and degree of crystallinity of the TREEtions are all increased to some extent

with increasing the elution temperature which mikir to isotactic polypropylene samples.
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The only distinguish difference of syndiotactic TIREractions on the isotactic TREF

fractions is the multi-melting peaks which are otsed in all TREF fractions.

Furthermore, X-ray diffraction showed that owfycrystal form existed in all TREF fractions
of different samples. The main difference is bdimg strong diffraction of these peaks, which

depends on the crystallinity content of each foacti

The bulk crystallization of all different polyprolgne blends was done by DSC. DSC showed
only one melting peak of all isotactic polypropyeiblends, which indicates that that
cocrystallization of the blends occurred. Althowgihgle melting peaks of blends are usually
associated with a high extent of cocrystallizatibmp broad overlapping distributions of
thicknesses of separate crystals, one from eactp@oent, could also lead to single broad
endotherms. This leads us to believe that the aligsition behavior of the polymer blends in
the bulk is strongly affected by the configuratifiacticity) and molecular weight of the
polypropylene polymers. On the other hand, turpidibalysis of different polypropylene
polymers using solution crystallization analysis lager light scattering can provide good
crystallization information that is similar to CRYSF and TREF. In a SCALLS experiment,
the turbidity of a polymer solution is mentored lghthanging its temperature at a controlled
rate. The resulting turbidity profile representse tiprecipitation or dissolution of the
crystallized polymer at a given temperature. Irs thiudy, it was possible to differentiate
between polypropylenes with similar chemical suuetbut different tacticity and molecular
weight. Furthermore, SCALLS showed that the bleafislifferent isotactic polypropylene
polymers are miscible and cocrystallization ocalyrehereas, the blends of syndiotactic
polypropylene and different isotactic polypropylerneere not miscible and some interaction
between phases occurred. In addition, SCALLS camdssl as a quantitative tool for the

measurement of weight fractions during dissolution.

With regards to OM and SEM results, all differesbtactic polypropylenes revealed well-
defined and large spherulitic morphology of a mixadal (disordered) andi2 (ordered)
crystal form structures. Moreover, by using SEMIgsia it was able to observe and visualize
the individual lamellae and lamellar branching stuwe. OM and SEM images also showed
that there is a clear effect of molecular weighdl aacticity on the crystal structure of the
different polypropylene samples. For instance, SiEMges showed that the sizes of the
spherulites were decreased drastically with debrgaacticity, also with decreasing tacticity,
the spherulites showed less perfection and thepshpherulite boundaries became more

diffuse. In addition, OM indicated that the blerafstwo different isotactic polypropylene
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samples are good miscible polymers while the bleridsotactic/syndiotactic polypropylene

samples are immiscible polymers.

According to the results that were obtained from MH testing, all the parameters that lead
to an increase of crystallinity and crystalliteesiflamellar thickne3svill provide higher MH
values. The crystallinity of the samples was shdwrbe clearly related to the molecular
weight and molecular weight distribution as wellthe isotacticity of the samples. Higher
molecular weights, narrower molecular weight dsttions, and higher isotacticities
improved the crystallinity of the polypropylene gaes. The molecular weight and
crystallinity both show an effect on the MH, in gdhsense, the harder samples generally
consisting of more crystalline material of a highmeolecular weight. However, the most
property was found to affect the MH was the isatétgt of the samples, where the samples
with higher isotacticity had higher MH values. Iddiion, the MH test showed that the
blends of two different isotactic polypropylenessented MH values in between the two MH
values of the homopolymer samples, which dependemcdéhe type and degree of the
crystallinity of the blends. Moreover, MH testingosved that syndiotactic polypropylene
sample has a low MH value which is due to the lagrde of crystallinity and the different
type of crystals. The presence of syndiotactic papylene in a blend with isotactic
polypropylene samples leads to decrease the MHevaluthe isotactic polypropylene
samples. This is due to the reducing the growth #wedsize of isotactic polypropylene

spherulites, which leads to less spherulites pgofeas shown in OM and SEM results.

DMA analysis showed that the storage modulus $adansition temperature values
practically increased with increasing molecular gietiand isotacticity in the temperature
range measured for the different samples. This @greement with the results were obtained
from the MH test. The reason for the increasinthefstorage modulus values with increasing
the molecular weight and isotacticity is due to kiigher degree in the crystallinity and the
presence of larger number of molecular weight egleaments per chain for the higher
molecular weight polymers, in addition, an incregsthe lamellar thickness as the molecular

weight increases also lead to higher storage medidlues.
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