HELLENIC REPUBLIC
UNIVERSITY OF IOANNINA
SCHOOL OF SCIENCES
DEPARTMENT OF MATERIALS SCIENCE ENGINEERING

«MACROMOLECULAR ARCHITECTURE FOR
COMPLEX STRUCTURES OF ELASTOMERS
SYNTHESIS - CHARACTERIZATION - PROPERTIES»

NTETSIKAS KONSTANTINOS
MATERIALS SCIENCE ENGINEER, MSc

PhD THESIS

IOANNINA 2015






HELLENIC REPUBLIC
UNIVERSITY OF IOANNINA
SCHOOL OF SCIENCES
DEPARTMENT OF MATERIALS SCIENCE ENGINEERING

«MACROMOLECULAR ARCHITECTURE FOR
COMPLEX STRUCTURES OF ELASTOMERS
SYNTHESIS - CHARACTERIZATION - PROPERTIES»

NTETSIKAS KONSTANTINOS
MATERIALS SCIENCE ENGINEER, MSc

PhD THESIS

IOANNINA 2015



EAAHNIKH AHMOKPATIA
ITANEIITXTHMIO IQANNINQN
XXOAH OETIKQN EINIXTHMOQN
TMHMA MHXANIKQN EINNIXTHMHX YAIKQN

«MAKPOMOPIAKH APXITEKTONIKH
HOAYITAOKQN AOMOQN EAAXTOMEPQN
YXYNOEXH - XAPAKTHPIXMOZX - IAIOTHTEX»

NTETZIKAY KQNXTANTINOX
MHXANIKOX EIIIXTHMHX YAIKQN, MSc

AIAAKTOPIKH ATATPIBH

IQANNINA 2015



«H éyxpion g oidaxtopixne drorpifne amo to Tunquo Muyovikav Emotquns Yiikov e Zyorns
Octikdyv Emotnuov tov Hovemotyuiov lowovvivov, dev vmodnidver amodoyn Twv yvoU®V Tov
ovyypowéo N. 5343, apBpo 202, mopdypopog 2».



Hpepopnvia aitnong tov k. Kovetavrivov Ntétewko: 22/11/2010
Hpepopnvia opropov Tpipehotg Zoppovievtikiic Emtpomig: 22/11/2010

Méln Tpyperotg Zoppovrevtikic Emrponic:

EmBriénwv

Avyepoémovrog Amooctorog, Kabnynmge, Tuqpo Mnyovikov Emotiung YAwkov,
[Tavemotmo loavvivov

Méin
Zopepoémovrog Nikoraog, Emikovpog Kabnyntg, Tunua Mnyovikov Emotiung
YAikov, [avemotuo loavvivov

Shi-Qing Wang, Kumho Professor, Department of Polymer Science-The University of
Akron, Akron, OH, USA

Hpepopnvia opropov 0épartog: 22/11/2010

«Macromolecular Architecture for Complex Structures of Thermoplastic
Elastomers. Synthesis — Characterization — Properties»

«Maxpopoproxi] Apjyrtektovikny [loAvmlokov  Aop@dv  OgppoThacTIKOV
ELactopepdv. XovOeon — Xapaxktnpiopog — Idrotnree»

Hpegpounvia tpomomoineng 0éparog: 25/11/2014

«Maxpopoproxn Apyrrektovikny Ioldmhokowv Aopov Eractopepov. Xovleon —
Xapaxktnpopog — Iowdtntecy

«Macromolecular Architecture for Complex Structures of Elastomers. Synthesis
— Characterization — Properties»

AIOPIXMOYX ENITAMEAOYY EEETAXTIKHY ENITPOIIHY : 17/12/2014

Amdotorog Avyepomovroc, Kabmmmg T.MLEY., [oavemomjuo Inavwivev

Shi-Qing Wang, Prof., Dept. of Polymer Science-The University of Akron, OH, USA
Mépiroc Koopde, Kadnynmg Tmpa Xnpeiog, Hovemomuo Ioovvivov

Anureprog I'ovpvig, Kanynmig TMLEY., Tlavemomjuo loovwivov

Kaov/vog Mréhtoiog, Kabmmuig TMLEY., Tovemomuo Ioavwiveov

Nikodraog Zagepdmovrog, Enikovpog Kabmymmc TMEY., Toavemomjuo Ioavviveov
Tedpyrog Xaxerhapiov, Aéktopog. , Tpmuo Xnueiog, EXILA.

"Eykpion Awvaxtopikng Awotpiig pe Babud «APIZTA» otig 6/5/2015

O IIpoedpog Tov Tpnpatog H I'pappatéag Tov Tpjpotog

Kapoxkaoiong Myonqr Zav0n Tovtovvidyrov
KoBnyntig



Dedicated to my family and to everyone who believed in me...

Knowledge speaks, but wisdom listens...

(Jimi Hendrix)



Acknowledgements

A very big and important chapter of my life has come to an end. It is so hard for me
to imprint all the emotions that | feel in a few words. | have been member of this laboratory
since February of 2008, when | was finishing my undergraduate studies at DMSE, UOI. From
the first day in the lab until now, only good moments and positive emotions overwhelm me.
During these 7 years | met and worked with a lot of people and I feel very lucky that | had the
opportunity to know them. The least that | could do is to thank them through these words.

Above all | would like, from the deepest parts of my heart, to express my gratitude to
my Advisor, Professor Apostolos Avgeropoulos. He was the person who, through his
lecturing, inspired me to follow this field. I still remember the impression that | had after the
first lecture of ‘Polymeric Materials’ and the first contact with the Polymers Laboratory. All
these years, he never stopped guiding me with all his efforts in order to help and support me
overcome any difficulties and our discussions were always very interesting and effective. |
am grateful to him for providing me with the knowledge and principals in order to become a
better scientist and |1 am truly thankful for giving me the opportunity to travel two times in
Spain, to the Autonomous University of Barcelona (UAB) and opening my mind to new
perspectives, for making new collaborations as well as for the financial support. This thesis
wouldn’t exist without his help and corrections. | owe him a lot for being what | am and it
was really honorable to meet him and work together as well as for his friendship.

I would like to express my deep and sincere gratitude to Professor Shi-Qing Wang,
Morton Institute of Polymer Science and Engineering, The University of Akron, Ohio, USA
who honored me with his presence by accepting the invitation of being a member of my 3-
member Advisor Committee as well as being in the 7-member examining committee and for
giving me the opportunity to collaborate with his well-known rheology group. He is a
distinguished Professor and a hard-working man, with great ideas and theories. Also, | would
like to thank Dr. Hao Sun and Gengxin Liu from the Polymer Rheology and Mechanics of
Polymer Glasses Group for the rheological measurements in the homopolymers synthesized
in this thesis and their help and discussions on the data of uniaxial extension experiments that
they have done.

I would like also to thank the other member of the advisory committee, Nikolaos
Zafeiropoulos, Assistant Professor at Department of Materials Science Engineering,
University of loannina, for the fruitful discussions that we’ve had during my presence in the
lab, and the remaining members of the 7-member committee, Konstantinos Beltsios and
Dimitrios Gournis, Professors in the Department of Materials Science Engineering,
University of loannina, Marios Kosmas, Professor in the Department of Chemistry,

University of loannina and Sakellariou George, Lecturer in Department of Chemistry,



National and Kapodistrian University of Athens, for their presence and their useful
observations.

I would like to thank Professor Clivia Sotomayor Torres, Catalan Institute of
Nanotechnology, Campus de la UAB, Barcelona, Spain who gave me the opportunity to visit
her laboratories twice through the collaboration by EU funded proposal (LAMAND) and
everyone in the Phononic and Photonic Nanostructure Group for the nice and warm
environment. | want to thank especially Dr. Nikos Kehagias and Dr. Claudia Delgado Simao
for their hospitality and help in ICN. During my stay there | was trained on nanolithography
techniques for diblock and triblock copolymers and I’ve learnt a lot of things in this field.

The Nuclear Magnetic Resonance (NMR) Center of the Network of Research Support
Laboratories at the University of loannina is gratefully acknowledged for providing me the
possibility to get trained for handling instruments in the specific Center as well as to gain
access even after hours in order to run my samples. Dr. Konstantinos Tsiafoulis is the person
who helped me to become an independent user in the Center and for that he is acknowledged
as well.

I would like also to express my gratefulness to every member of the Polymers
Laboratory, either to those who already left or to those who are still there. Their help, to every
aspect of my everyday life in the lab, was something more than great and | am thankful for
that. | deeply apologize for not mentioning all the names of the people | worked and know all
these years. | want to thank especially Liontos George firstly for his friendship through all
these years (since 1997, I think...) and then for the close collaboration that we’ve had since
the first day in the lab. Together we have completed numerous projects during our presence in
the lab. His assistance during the experiments as well as the characterization of the samples
synthesized in this thesis was priceless. Furthermore, | would like to thank Dimitrios
Moschovas, George Zapsas, George Polymeropoulos and Apostolos Karanastasis also for
their help during the experimental and characterization sections and for the long term
discussions that we’ve made through all these years as well as for their friendship. | feel very
lucky and grateful to know and work with them. Moreover, | thank everybody else who made
sure to create a nice working environment all these years in the lab. At the end of this route, |
am very thankful that | made good friends and as | look back, I have only good moments to
remember.

Above all, I am more than grateful to my parents, Tilemachos and Alexandra, and my
sister Georgia who have been to my side all these years supporting me with all their strengths.
They have taught me to work hard, to never give up my efforts and to be patient for every
aspect of my life. They helped me make the right choices when needed and they put always
my well-being above themselves. They stood always by me in difficult situations and they

made me look things only from the positive point of view. | feel that words are not enough to



express my feelings for them and one thing | know for sure is that their love is overwhelming
and unique. Furthermore, | would like to thank all my friends Giannis, Ntinos, Tilemachos
and Mary among others, which stood by me and encouraged me to continue my efforts as
well as Christine for her undivided love and support and always caring for me. | feel very

grateful that all of you are a significant part in my life. Thank you for everything.

®a Mo vo EKEPACH TNV OTEPIOPIOTI] EVYVAOUOGVVI] OV KOl OYAm GTOVG YOVEIC
pov, TnAépayo kot AAe&avdpa, kabmg kol otnv adepen pov [ewpyia mov Ppiokdviovcay
TOVTO GTOV TAELPO OV HE OAEG TOVG TIG duvapelc. Ta epodia TOV HOL £dMGOV OTO UIKPO
modl pe Pondnoav vo avipetonilo TG SVOKOAEG KATAGTAOELS KOl PE EKOVOV KOAVTEPO
avBpomo. H avidiotéAeln touvg givar povadikn kot mavto pe Efalav mave and Toug 0vtong
tovg. Me épabav vo doviedm okAnpd, vo £y VTONOVH, Kol Vo, PAET® TAvVTO TO TPAYIOTO
amo v OeTikn Toug Tevpd. H aydmn tovg gival povadikn kot ta Aoylo dev OTAVOUV Y1a, Vol
TEPLYPAYOVY TO, CLVOICONUATE OV VIMO® Yo TNV OUEPIOTN CLUTAPACTOOT OAC OVTE TO
xpovIaL.

Eniong, 8o 0eha va evyapiotion ta errapdkia pov Iévvrn, Ntivo, Tniépoyo won
Maipn peta&d dAA®v yo TNV CLUTAPAGTACT TOVG KOl TNV EVOEPPLVOT OV LoV £dMGAV MGTE
va cuveyiow Tic Tpoomddeleg Hov, kabmg kol Ty Xplotiva yio TNV aUéPIeTN ayann TG Kot
ocvunapdotoct. [paypaticd viddBm oAl Tuxepdg Tov amoTedeite £va GNUAVTIKO KOUUATL TNG

Long pov. Xag guyoploTd Yo OAM.
loannina, April 24" 2015

Konstantinos Ntetsikas



Abbreviations

a

BCC
1,3-Bd
Bu,Mg
CDMSS
d
DCMSDPE
DFI

DG
1,1-DPE
DSC
DVB

f

G

heL

G
GC-MS
HDPE
HEX
'H-NMR

i-BuLi

ISL

Ks
LAM
LCB
LDPE
Li
MeOH
MFT

Mg
MO

Statistical segment length

Body Centered Cubic

1,3-Butadiene

Dibutyl Magnesium
4-(Chlorodimethylsilyl)styrene
d-spacing of a unit cell
4-(dichloromethylsilyl)diphenylethylene
Difunctional initiator

Double Gyroid

1,1-diphenylethylene

Differential Scanning Calorimetry
Divinyl Benzene

Mass or weight fraction

Shear Modulus

Storage Modulus

Loss Modulus

Gas Chromatography-Mass Spectrometry
High Density Polyethylene

Hexagonally closed packed cylinders

Proton Nuclear Magnetic Resonance Spectroscopy

Polydispersity

Isobutyl Lithium

Isoprene

Intermediate Segregation Limit
Potassium

Boltzmann constant
Alternating Lamellae
Long Chain Branching
Low Density Polyethylene
Lithium

Methanol

Mean Field Theory

Number Average Molecular Weight
Magnesium

Membrane Osmometry

v



MST Microphase Separation Temperature

Muw Weight Average Molecular Weight
MWD Molecular Weight Distribution

N Degree of Polymerization

Na Sodium

n-BuLi n-Butyl Lithium

OBDD Ordered Bicontinuous Double Diamond
oDT Order-Disorder Transition

ooT Order-Order Transition

PB Poly(butadiene)

Pl Poly(isoprene)

PL Perforated Lamellae

PS Polystyrene

R Radius of gyration

S Number of segments per junction point
SANS Small-Angle Neutron Scattering
SAOS Small Amplitude Oscillatory Shear
SAXS Small-Angle X-Ray Scattering

SCFT Self-Consistent Field Theory

SEC Size Exclusion Chromatography
sec-BuLi sec-Butyl Lithium

SSL Strong Segregation Limit

St Styrene

t-BuLi tert-Butyl Lithium

TEM Transmission Electron Microscopy

Ty Glass Transition Temperature

THF Tetrahydrofuran

TGIC Temperature Gradient Interaction Chromatography
Tm Melting point temperature

TMEDA N, N, N’, N’-Tetramethylethylenediamine
TooT Order-Disorder transition temperature
u Statistical segment volume

\% Segment volume

VPO Vapor Pressure Osmometry

WSL Weak Segregation Limit



A © = 43 o o=

_a

=(T)

Constant expressing the enthalpic excess free energy of
mixing

Constant expressing the entropic excess free energy of
mixing

Shear strain

Applied shear rate

Solubility parameter

Elasticity parameter

Conformational Asymmetry

Viscosity

Density

Shear stress

Relaxation time

Rouse relaxation time

Volume fraction

Flory Huggins interaction parameter

Frequency

VI



Table of Contents

CHAPTER 1.t 5
INTFOTUCTION ... 5
1.1 General INFOrmMation ..........cccooiiiiiiiiiiiie e 5

1.2 Scope of this PND TheSiS.......ccovciiieiiee s 7
1.2.1 Linear and Non-Linear Homopolymers of Pl3g.......c.ccccovvnvivinnninne. 8

1.2.2 Linear Diblock Copolymers (PB-b-Pl;4) and Miktoarm Stars

[PB(P13.4)2 ANA PB(Pl3.4)3] cvveoeeveeeeereeeeeeeseeeseseeeeeeeseseeeesseessesesseess s eseeeneees 8

1.3 Overview Of the TheSIS........cccooviiiiii e 10
CHAPTER 2.t 12
ANIONIC POIYMEFIZATION ...ttt 12
2.1 BASIC CONCEPLS. .....eeveiiiieiesieite ettt sttt nne s 12
2.2 Alkadiene-Based EIaStOmMErS..........ccociiiiiiieiiiise e 15
2.3 Effect of Polar Additives in Anionic Polymerization of Alkadienes....... 16
2.4 Polymer ArChiteCIUIES........coiiieiececi e e 19
2.4.1 General INFOrmation..........cooovieiiiiiicscee s 19
2.4.2 Anionic Polymerization of Non-Linear Homopolymers..................... 21

2.5 BIOCK COPOIYMENTS ...t 24
2.5.1 Linear Diblock Copolymers (AB) ..o 25
2.5.2 Miktoarm Star Copolymers (A;B and AsB TYpe)......ccccoevrervvviininnnn. 27
CHAPTER 3. . e 30
Physical Properties of Linear and Non-Linear Block Copolymers.................. 30
3.1 Microphase Separation of Linear Diblock Copolymers..........ccccccocvenee. 30
3.1.1 Theory BackgroUNd ..........c.cocvoieirieeiee e 30
3.1.2 Strong Segregation LimMit (SSL) ......ccccvirinirniiinine e 33
3.1.3 Weak Segregation Limit (WSL).......ccocuiirereiiininise e 34
3.1.4 Intermediate Segregation Limit (ISL).......ccocvvviniininininceceee, 35
3.1.5 Conformational ASYMMELIY........ccccoveieiiiieieieie e 36



3.1.6 Phase Diagram of P1-b-PS Diblock Copolymers..........c.cccceovivvnnnnn. 38

3.2 Microphase Separation of Non-Linear Block Copolymers..................... 39
3.2.1 General INfOrmMation ..o 39
3.2.2 Microphase Separation of Miktoarm Star Copolymers...................... 39

3.2.2.1 Theory BacKgroUnd...........ccccevieeiieiieie e see e e 39
3.2.2.2 Experimental RESUILS...........ccovveiiiiiiecc e 42

3.3 Microphase Separation of Polydienes...........ccccoccevviiievevecie v, 43

3.4 Polymer RNEOIOQY ......coviviiiiieieieieiet et 46
34 L INTFOTUCTION .. 46
3.4.2 BASIC CONCEPLS ...ttt 47

3.4.2.1 VISCOBIASLICITY ....oveveiiieiieiisii st 47

3.4.2.2 Storage and L0osS MOdUli.........ccccooeieiiiiiiiiieeeeee e 48

3.4.2.3 Non-Linear VisCoelastiCity ..........cccccvvveviieiiie i 49

3.4.3 Rheology of Linear and Branched Polymers..........c.cccccovveievninennenn, 49
CHAPTER 4. 52
EXperimental SECTION .........ccoviiici e s 52

4.1 High Vacuum TeChNIQUE..........c.oviiiiriie e 52

4.2 SOIVENT PUNITICALION ....oviiiiiiiic s 55

4.3 MONOMEr PUNIFICATION .....oviiiiciiciises s 58

4.4 Dilution of the Initiator sec-Butyllithium (sec-BuLi).........c.ccccevvivinnnne. 60

4.5 Purification of Linking Agents and Other Reagents ...........ccccoceevveennene 62

4.6 Preparation of 4-(Chlorodimethylsilyl)Styrene (CDMSS)..........cccc...... 63

4.7 SYNENEIC PrOCEAUIES ......ocveeie ettt et 65
4.7.1 Synthesis of Homopolymers of the Pla s TYpe ...cccoovviiiiviiieiecee 66
4.7.2 Synthesis of H-type Pls 4 HOMOPOIYMErS .......cocveiiiiiiiiiiie e 70
4.7.3 Synthesis of Linear Diblock COpOlYyMEers..........ccocvvivvnineneicien 77

4.7.4 Synthesis of Miktoarm Star Copolymers of the A,B and A3;B Type... 80
4.8 Molecular CharaCterization ...........c.ccovieienenieieese s 86

4.8.1 Size Exclusion Chromatography (SEC)......ccccceveviiiiiiveiiice e 86

2



4.8.2 Membrane OSMOMELIY.........ccuuiiiiiriierierree e 86

4.8.3 Proton Nuclear Magnetic Resonance (*H-NMR) Spectroscopy ........ 86

4.9 Thermal ANGIYSIS .......cooiiiieeicie s 87
4.9.1 Differential Scanning Calorimetry (DSC) .......cccocevvvviieveieiie e 87

4.10 Morphological Characterization .............cccoceveiieiie i 87
4.10.1 Transmission Electron Microscopy (TEM) ......c.ccccoevevviviicieciennens 87
CHAPTER 5. 89
Experimental Results — Discussion — Conclusions — Future Work.................. 89

5.1 Molecular Characterization Results of Linear Homopolymers Pl;,4 ..... 89

5.2 Molecular Characterization Results of Non-Linear Homopolymers Pl

............................................................................................................................ 9
5.3 Thermal Analysis Results of Non-Linear Homopolymers Pls4.............. 99
5.4.1 Rheology Results of Linear Homopolymers Plz........ccccoveiiiiiinnne 103
5.4.2 Rheology Results of Non-Linear Homopolymers Plzg......cccccovvvnee 105

5.5 Molecular Characterization Results of Linear Diblock Copolymers... 106
5.6 Thermal Analysis Results of Linear Diblock Copolymers.................... 116

5.7 Morphological Characterization Results for the Linear Diblock
1000] 0101 1Y/ 11T TSRS PPR 121

5.8 Molecular Characterization Results of Miktoarm Star Copolymers... 134
5.9 Thermal Analysis Results of Miktoarm Star Copolymers.................... 142

5.10 Morphological Characterization Results for the Miktoarm Star

L070] 0101 1Y/ 1 01T ST 151
5.9.1 Miktoarm Star Copolymers of the PB(Pl34)> TYPE...ccccvvirvvrviiinine 155
5.9.2 Miktoarm Star Copolymers of the PB(Pl34)3 TYPE...ccccovirviiiiinine 157

5.9.3 Comparison of the Morphological Characterization Results between

Linear and Non-Linear Architectures Involving Immiscible Polydienes. 161
5.11 Conclusions-FUture WOork............ccooo i 164
5.11.1 Linear and Non-Linear Homopolymers of Plg4.....cccccooovevinnnenee. 165

5.11.2 Linear diblock copolymers (PB-b-Pl;,) and miktoarm stars
[PB(P|3’4)2 and PB(P|3’4)3] .......................................................................... 166



R E) (=] =) 1= U T U TSR 171

AADSTIACT ... ettt 176
TIEPIAMWN .. s 178
Curriculum Vitae.....veeeeeeereeseesesecseaseoscsssscasesssens 180



CHAPTER 1

Introduction

1.1 General Information

Elastomers or elastic polymers are materials which are capable of undergoing large
reversible extensions and compressions. A notation for the specific materials by IUPAC is:
‘elastomer is a polymer that displays rubber-like elasticity’.! Elastomers are a category of
polymers with viscoelasticity (having both viscosity and elasticity) and very weak inter-
molecular forces, generally exhibiting low Young's modulus and high failure strain compared
with other materials. Elastomer based materials are widely used for numerous applications in
almost all areas of applied science and engineering.

The most known elastomers and widely used are natural rubber (cis 1,4-polyisoprene)
and gutta-percha (trans 1,4-polyisoprene), which can be found in specific plants (Hevea
brasiliensis, Pallaquium gutta, etc.).? Based on the applications, elastomers can be divided
into two large categories:

a) general purpose, which refers to natural rubber (NR) and to various thermoplastic
elastomers (styrenic block copolymers, polyolefin thermoplastic elastomers) and

b) special purpose, which involves elastomers with specific applications in miscellaneous
fields [synthetic rubbers of poly(isobutylene) and poly(isoprene)].?

Thermoplastic elastomers (TPES), or thermoplastic rubbers, are a class of copolymers
or physical blends of polymers (usually a plastic and a rubber), which have both thermoplastic
and elastomeric properties. TPEs are a very important and popular category of elastomers
with numerous applications in different fields. Most of the elastomers are known to be
thermosets, even though in some cases they might behave like thermoplastics. The basic
difference between thermoset elastomers and thermoplastic elastomers is the type of the
crosslinking bond in their structures. All thermoplastic elastomers exhibit characteristic
properties of cross-linked elastomers at room temperature, but at higher temperatures they
behave as thermoplastics. In contrast with the typical elastomers, another interesting issue
concerning TPEs is that they can retrieve their initial shape and therefore they can be used
again. Thus, TPEs are considered one of the most important discoveries in the area of
elastomers. Famous applications, where TPEs are mainly used, are: car industry, household
appliances, shoe soles (styrenic block copolymers), adhesives, coatings and electrical cable
jacket/inner insulations.*

Alkadiene-based elastomers are a significant category of elastomers involving the
majority of total elastomer production worldwide.” The polymers produced from isoprene (or
2-methyl-1,3 butadiene) and 1,3 butadiene are the most well-known and applicable alkadiene-

based elastomers. Both of them are conjugated dienes and when polymerized,
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macromolecules containing one double bond per monomeric unit (instead of two double
bonds in the initial monomer) are formed. The configuration for poly(butadiene) (PB) is
dependent on the location of the double bond in the monomeric units and can be: cis-1,4,
trans-1,4 and 1,2-microstructures or geometric isomerisms (Figure 1.1). In the case of
isoprene, which is a methyl-substituted 1,3-butadiene, when polymerized it forms as well the
cis-1,4, trans-1,4 and 1,2- microstructures, but due to the methyl-ligand it also adopts the 3,4-
microstructure (Figure 1.2). The 3,4-isomerism is a dialkyl-substituted olefin and is
thermodynamically more stable than the monoalkyl-substituted -1,2 case. In the presence of
polar solvents, anionic polymerization of isoprene can yield up to ~100% 3,4-poly(isoprene).’

H H
~ I
/CzC
weomeone CH,  CHy }ll
4)) annnnenennes CH—CHz p— wwmwwaHz_(|*
8
CH
H\C . CHgrmm 2 CH,
ST B
CH, “H (B)
(IT)
A)

Figure 1.1: Geometric isomerisms of PB: (A): () cis-1,4, (Il) trans-1,4, (B): 1,2- (the two cases: -1,2
and -3,4 are identical and only -1,2 is selected and reported in the literature).

(A) (B)
CH;,  H CHy ~ CH,
Cc=C Cc=C
-~ . -~ \H
e CH, — CHy sosasnasr CH
o
WCHZ—? CH—CH,
|
CH C—CH;
C I [

Figure 1.2: Geometric isomerisms of Pl: (A): cis-1,4, (B) trans-1,4, (C): -1,2 and (D): -3,4.

Block copolymers (BCPs) are a significant and large category of polymers with many
applications in the last thirty years. Due to easy processing, low cost, variability in chemical
functionality and physical properties these materials have played a dominant role in various
nowadays applications® (nanofabrication etc.) since they exhibit an important
structure/properties relationship attributed to their ability to self-assemble in specific
topologies with controlled dimensions and functionalities. All block copolymers refer to a
large category of condensed matter, sometimes called soft materials, which are characterized
by fluid-like disorder on the molecular scale and by a high degree of order at longer length

scales.’



Block copolymer macromolecules contain two or more polymer chains linked
together by covalent bonds. Linear block copolymers include two or more polymer chains in
specific sequence, whereas a star block copolymer contains more than two linear block
copolymers attached together at a multifunctional linking point.® There are also different
types of star morphology polymers such as symmetric and asymmetric stars. In asymmetric
stars, the asymmetry involves: i) the molecular weight (the arms are chemically identical but
differ in molecular weight), ii) the chemical nature (miktoarm stars, from the Greek word

1% 'meaning mixed) and iii) the topology (the arms are BCPs which may or may not

HIKTOG
have the same composition and molecular weight, but differ in the relevant segment which is
attached to the linking point). Except from these complex architectures, many more have been
d12,13

reported, such as: graft,"* branche (H-type, super H-type), hyper-branched polymers,*
combs™ and dendrimers.*®

Anionic polymerization is a powerful tool for polymer scientists, since the
synthesized materials are characterized as model polymers with narrow molecular weight
distribution and well-controlled molecular characteristics. An additional advantage of anionic
polymerization is that through this approach all complex architectures mentioned above for
various vinyl and alkadiene monomers with a variety of sequences have been prepared. A
disadvantage though, is that it requires good knowledge of glass-blowing techniques for the
construction of the necessary apparatuses, where the polymerization procedure takes place,
and high vacuum techniques are needed for the purification of all reagents that contribute to

the polymerization.

1.2 Scope of this PhD Thesis

For this thesis the basic elastomer studied was poly(isoprene) (PI) with high 3,4-
content (55-65%) through preparation of linear and non-linear macromolecular architectures.

A series of linear homopolymers of PI-3,4 (55-65% of 3,4-microstructure) or Pls,
with low and high molecular weights, non-linear H-type Pl;, homopolymers, linear diblock
copolymers of the PB-b-Pl;,4 type [PB: poly(butadiene) with ~90-92% 1,4-microstructure]
and asymmetric star copolymers of the PB(Pl34), and PB(PIs4); types were synthesized. For
better understanding of the synthetic procedures and the analysis of molecular and
morphological characterization results, all samples prepared in this research thesis are divided
in two categories (a and b) as follow:

a) Linear and non-linear homopolymers of Pl 4

b) Linear diblock copolymers (PB-b-Pl;,) and miktoarm stars [PB(Pls;4), and
PB(Pl34)s]



1.2.1 Linear and Non-Linear Homopolymers of Pl34

A variety of linear Pl; , homopolymers exhibiting different molecular weights (5,000
g/mol - 350,000 g/mol) were synthesized via anionic polymerization through high vacuum
techniques. All polymerizations were performed through special glass apparatuses and the
initial solvent used was benzene (at least 200 mL up to 900 mL depending on desired
molecular weight). In order to achieve high 3,4-content of P, a small amount (1 mL to 3 mL
depending on the quantity of the benzene) of tetrahydrofuran (THF), which is a polar solvent,
was always added.

Furthermore, two (2) samples of non-linear H-type Pl;, homopolymers were
synthesized via anionic polymerization and high vacuum techniques, by preparing a
macroinitiator through the reaction of 4-(chlorodimethylsilyl)styrene (CDMSS) with linear
Pl;4 and combination of chlorosilane chemistry. It should be mentioned that this type of
samples (H-type Pl3,) have never been reported in the literature. The main purpose for the
synthesis of these samples was to investigate the dynamics and rheological properties of long-
chain branching (LCB) homopolymers/elastomers through the collaboration with Prof. Shi-
Qing Wang from University of Akron (USA).

All samples showed very narrow molecular weight distributions (<1.10) and the
molecular characterization results through various techniques led to the conclusion that they
exhibit chemical and compositional homogeneity, therefore, can be considered model

polymers.

1.2.2 Linear Diblock Copolymers (PB-b-Pl34) and Miktoarm Stars [PB(Pl34), and
PB(Pl34)3]

Linear diblock copolymers of the PB-b-Pl;4 type and asymmetric stars of PB(Pl3,4),
and PB(PI;4); types were synthesized.

Specifically, five (5) linear diblock copolymers of PB-b-Pl;, were synthesized
anionically through high vacuum techniques by using the sequential monomer addition
method. As previously mentioned, the 3,4-content of poly(isoprene) was ~55-65%. One of the
diblock copolymers exhibited very high molecular weight (~1,000 kg/mol), whereas the other
four (4) samples exhibited almost constant number average molecular weight (~100,000
g/mol). These diblock copolymers were synthesized in order to study their molecular and
especially their morphological behavior in terms of microphase separation in various
molecular weights and volume fractions ranging from 30% v/v up to 70% v/v of the PB
block.

Furthermore, four (4) sets, thus eight samples, of miktoarm stars of the PB(PI;,), and

PB(Pl34); type (four samples per sequence) were synthesized using the combination of



anionic polymerization and chlorosilane chemistry. The preparation and properties of such
non-linear copolymers have not been reported in the literature yet. The volume fraction
regime for the PB block as well as the total molecular weight of the star copolymers are
approximately equal to those documented for four (4) of the diblock copolymers. The reason
for keeping almost constant both total molecular weight and PB block volume fraction in the
twelve (12) samples was to compare the star with the linear architecture, especially their
structure/properties relationship (self-assembly).

It has been reported in the literature'”*® that PB with ~90-92% -1,4 and PI with ~55-
65% 3,4-microstructures, microphase separate either in linear triblock terpolymers of SBI or
BSI types [where S: polystyrene, B: poly(butadiene) with high (90-92%) 1,4-microstructure
and 1: poly(isoprene) with high (55-65%) 3,4-content] leading to 3-phase topologies®’ or in
[(PB),PI]; type 2" generation dendrimers™. Observing and analyzing the morphological
characterization results, it was possible to understand the mechanism of self-assembly for this
type of polydiene combination and realize that the interaction parameter is well above zero.
Furthermore, it was possible to understand the manner that molecular weight, volume fraction
and conformational asymmetry influence the microphase separation of this binary polydiene
system.

As stated already for the homopolymers, the linear PB-b-Pl;4 and asymmetric star
copolymers of PB(PI;4), and PB(Pl34); type can be as well model polymers since they exhibit
chemical and compositional homogeneity as concluded from their molecular characteristics
with various characterization methods.

Finally, it is very important to mention that in samples where chlorosilane chemistry
was combined, the whole synthetic strategy involved time consuming reactions and the
formation of byproducts or residue of precursors or both, leading to a timeframe of
approximately 3-4 months per sample in order to synthesize a model material.

A schematic presentation of the complex architectures synthesized in this thesis is in

Figure 1.3.

P:I“ PL;; : PI;,
PI; 4 Ply,

H-Type Homopolymer PI;

Pl
PB o PB, ,
14 .M W—Si—WPI34
ANAr-Si PI \-\M ’
CHNAL P,
Miktoarm Star Copolymer Miktoarm Star Copolymer
of the PB; 4(P1; o), Type of the PB, ,(PI; ,); Type

Figure 1.3: Schematic of the complex architectures synthesized in this thesis.



The molecular characterization of the samples was performed through size exclusion

chromatography (SEC), in order to confirm the molecular weight distribution, and membrane
osmometry (MO) in order to confirm the number average molecular weight, (Mn) values.

Also, proton nuclear magnetic resonance spectroscopy (*H-NMR) was adopted to verify the
characteristic ratios of stereochemical microstructures for the polydienes as well as to identify
the composition of each segment of the linear and non-linear copolymers. Thermal analysis
via differential scanning calorimetry (DSC) was also performed in order to examine the
variations of glass transition temperatures and their dependence from the molecular weight
and the weight fraction of each segment. Morphological characterization was performed
through bright field transmission electron microscopy (TEM), in order to verify microphase
separation and provide significant information concerning the dependence of the architecture
(linear or non-linear) on the adopted morphology. Furthermore, rheological studies were
performed in linear and non-linear Pl;, homopolymers, through the collaboration with Prof.
S.-Q. Wang (Morton Institute of Polymer Science and Engineering, The University of Akron,
Ohio, USA), leading to new theoretical considerations for the non-linear dynamic behavior of
long chain branched (LCB) polymers and their mixtures with the corresponding linear chains

in the presence of large external deformations in either simple shear or uniaxial extension.

1.3 Overview of the Thesis

Chapter 2 provides information concerning the fundamentals and the basic principles
of anionic polymerization techniques. Furthermore, information for the already reported cases
of 1,3-butadiene and isoprene polymerization and their copolymerization with other well
studied monomers are provided, as well as information concerning the synthetic routes for
linear diblock copolymers and complex architecture polymers such as H-type and miktoarm
stars already established.

In Chapter 3, information concerning the physical properties of linear block
copolymers, miktoarm star copolymers and their microphase separation is given, as well as
general information concerning the rheological properties of polymers and dynamic behavior
of long chain branched (LCB) polymers.

Chapter 4 provides information on the experimental procedures adopted for the
synthesis of the linear homopolymers of the Pl; 4, type, the non-linear homopolymers of the H-
Pl;, type, the linear diblock copolymers of the PB-b-Pl;, type and the miktoarm star
copolymers of the PB(Pl3s), and PB(Pl3,); type respectively. Furthermore, detailed
description of the purification procedures in order to minimize the traces from unwanted
reagents, as well as the instrumentation that was used for the characterization of the samples

synthesized for this thesis is thoroughly reported.
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In Chapter 5, the molecular and morphological characterization results of the
synthesized samples as well as the conclusions and future work are presented. Thorough
investigation and discussion of the results is performed in order to conclude to the successful
synthesis of the linear and non-linear homopolymers of Pl;, and study their rheological
properties, as well as to study and compare the observed morphologies for the synthesized
linear diblock and star copolymers with systems already mentioned in the literature and
especially PS/PI, where PS: polystyrene and PI: poly(isoprene) respectively.

Partial financial support during the framework of the research activities for this PhD
thesis was given by the following projects:

e Funded by the European Union under the Call identifier: FP7-NMP-2009-SMALL-3
with Proposal No: CP-FP 245565-2 LAMAND (36 months, 1/7/2010-30/6/2013),
title: “Large Area Molecularly Assembled Nanopatterns for Devices” and Acronym:
“LAMAND?”, as Researcher.

e Funded by the European Union under the Call identifier: FP7-NMP-2007-LARGE-1,
with Proposal No: CP-IP 213939-1 POCO (48 months, 1/11/2008-31/10/2012)
entitled: “Carbon Nanotube Confinement Strategies to Develop Novel Polymer
Matrix Composites” and Acronym: “POCO”, as Researcher.
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CHAPTER 2

Anionic Polymerization

2.1 Basic Concepts

Anionic polymerization is the most well-known technique for synthesizing well-
defined polymers (linear and non-linear) with total control of the molecular characteristics.
Initially, Flory divided the polymerization reactions into step-growth and chain reactions,
based on their mechanism.'® Anionic polymerization is a chain reaction and the monomers
which can be polymerized are generally vinyl and alkadienes. Although several reports
concerning anionic polymerization of vinyl polymers were published in the late 1940s%%,
Michael Szwarc was the first who demonstrated thoroughly the mechanism of anionic
polymerization in the mid-1950s, characterized the behavior of this polymerization as “living
polymerization” and described the polymers as “living polymers”.”* The term “living”
refers to the ability of the macromolecular chain ends to retain their reactivity for sufficient
time, in which they can be used further for polymerizing additional monomer quantities or for
reacting with a suitable linking reagent since the termination and/or chain transfer reactions
are completely controlled and handled in the specific type of polymerization. It should be
mentioned that the term anionic is used to point out that the active chain-ends are negatively
charged bearing specific metallic counterions which are positively charged.” It is clearly
understood therefore, that through anionic polymerization, architecture, composition,
molecular weight and molecular weight distribution can be controlled.

Since termination and chain transfer reactions are absent under specific conditions, in
anionic polymerization only two reaction steps are prominent: initiation and propagation
which are exhibited in Figure 2.1:

Initiation
RLi+CH, =CHX ——RCH,CHX Li"
Propagation
RCH,CHX "Li* +n(CH, = CHX) ——R(CH,CHX), CH,CHX "Li*

Figure 2.1: Initiation and propagation reactions of living anionic polymerization.

Most industrial polymers are synthesized through free radical polymerization
techniques, but they do not exhibit predictable molecular characteristics and narrow
molecular weight polydispersity. The reason is that in radical polymerization uncontrolled
termination reactions occur through redistribution or conjunction between macromolecular
radicals, in contrast with anionic polymerization. Furthermore, a very important issue which

limits the use of anionic polymerization in industry and large scale applications/facilities is
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that the macroinitiator and the macroanions, due to their reactivity, are very sensitive in
oxygen, humidity and carbon dioxide traces. The reactions describing this drawback are
shown in Figure 2.2. Therefore, it is very important, during anionic polymerization, that all
reactions must take place in the absence of atmospheric air and the reagents involved
(initiators, monomers, solvents etc.) must exhibit high purity (> 99.9%). Inert atmosphere or
high vacuum conditions (10 - 10" mmHg) are adopted for anionically synthesized polymers.
Inert atmosphere techniques are simpler and may lead to large quantities of the final
materials. On the other hand, high vacuum techniques demand very well purified and suitably
modified Pyrex glass vessels, leading to the necessity of scientific glassblowing knowledge.
An important drawback is also the preparation of small quantities of the final polymer.

sec-BuLi + H,O ——> sec-BuH + LiOH
sec-BuLi + 20, — sec-BuOLi

2 sec-BuLi + CO, e sec-Bu,C(OLIi),
Figure 2.2: Termination reactions of an anionic polymerization initiator with water, oxygen and

carbon dioxide.

A very important feature of the polymers synthesized with anionic polymerization is
the narrow molecular weight distribution (I < 1.1) which ensures the compositional and
molecular homogeneity of the final product. Low polydispersities are secured by the proper
choice of solvent, monomer and initiator system in combination with the fact that the
initiation reaction rate must always be faster than the propagation reaction rate. Moreover, the
selected temperature for the reaction and the possible use of polar additives, are crucial
parameters for the demanding fast initiation. When these requirements are indulged,
polymerization of the monomer units starts simultaneously and almost identical number of
monomer units is added to the macromolecular living chains until all quantity is consumed.

The most well-known and useful initiators in anionic polymerization are
organometallic compounds, especially alkyllithium reagents, which may be synthesized by
the reaction of the corresponding alkyl chloride with lithium. The initiator is always chosen
according to its ability to react fast with the monomer and whether it is well soluble in the
chosen solvent under the applied reaction conditions. The most important feature of
alkyllithium compounds is that the C-Li bond exhibits properties of both covalent and ionic
bonds®?°, due to the smallest ion radius and the highest electronegativity among other alkali
metals. Usually, organolithium compounds form aggregates in bulk and in solution. The
lower the aggregation rate of the initiator, the higher will be the reactivity for the initiation of
the polymerization.”” The degree of association is influenced by the structure of the organic

moiety, the nature of the solvent, the solution concentration and temperature. 2 |n Table 2.1
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the degree of association of various organolithium compounds, which may be used as anionic

polymerization initiators, in hydrocarbon solvents is observed.

Table 2.1: Aggregation states of organolithium compounds in hydrocarbon solvents.

Compound Solvent Degree of association Reference
Benzene 6 29,30
Ethyllithium (C,HsLi)
Cyclohexane 6 29,30
Benzene 6 29-31
n-Butyllithium (n-C4HgLi)
Cyclohexane 6 32
n-Pentyllithium (n-CsHy,Li) Benzene 6 32
n-Octyllithium (CgHyLi) Benzene 6 32
- _ Benzene 4 30
Isopropyllithium (i-C3H-Li)
Cyclohexane 4 30
Benzene 4 33
sec-Butyllithium (sec-C4HgLi)
Cyclohexane 4 33
- _ Benzene 4 34
t-Butyllithium (t-C4HqLi)
Cyclohexane 4 34
Benzene 2 35
Methyllithium (CHsLi)
Cyclohexane 2 35

Additionally, the reactivity sequence of organolithium initiators for styrene and
alkadiene (1,3-butadiene and isoprene) polymerization in a variety of hydrocarbon solvents
has been reported in the literature® and is given below (the degree of aggregation is shown in

the parentheses):

Methyllithium (2) > secondary butyllithium (sec-BuLi) (4) > isopropyllithium (i-PrLi) (4-6) >
tertiary butyllithium (tert-BuLi) (4) > normal butyllithium (n-BuLi) (6)

During the propagation step the negatively charged polymer chains with the lithium
counterion can also aggregate. The aggregation rate for (polystyryl)lithium [PSOLi®] in
aromatic and aliphatic hydrocarbon solvents has been calculated to be equal to 2.%°
Furthermore, the aggregation rate for (polybutadienyl)lithium [PBOLi®] in hydrocarbon
solvents is 4-6 and for (polyisoprenyl)lithium [PI?Li®] is equal to 3-4 respectively. However,
it has been observed that the aggregation rate of initiators and polymer chains is decreased in

polar environments. It has been estimated through kinetic studies?’ that the aggregation rate of
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(polystyryDlithium in tetrahydrofuran (THF) is decreased from 2 to 1 while for
(polybutadienyDlithium and (polyisoprenyl)lithium the corresponding value is decreased to 2.
Such behaviour occurs since a minor quantity of the polar reagent can shift the equilibrium
between the aggregated and non-aggregated polymer chains towards the non-aggregated ionic
pairs [PSOLi™] leading to a decrease of the solution viscosity while enhancing the kinetics of
the polymerization reaction.

The greatest advantage of anionic polymerization is that it can proceed with a yield of
100% in almost all systems (only a few monomers do not apply to this rule). Practically, this
means that the polymerization reaction will be completed when all the monomer quantity has
been consumed during the propagation reaction. As a result, the molecular weight of the final
polymer can be easily estimated by the quantities of the monomer and initiator which were
used for the polymerization through the following equation:

Mn — gmonomer (2.1)
moles.

initiator
A large number of monomers have been polymerized through anionic polymerization.
The basic feature of these monomers is that they can form stable anionic reactive sites under
certain polymerization conditions. For the most studied monomers, styrene and/or styrene
derivatives and alkadienes, this means that the two carbon atoms involved in the vinyl bond
must bear at least a ligand that can stabilize the negative charge towards nucleophilic attack of
other species.These monomers are:
% Styrene and styrene derivatives (e.g. a-methylstyrene, para-methylstyrene)®’
«» Alkadienes (e.g. isoprene, 1,3-butadiene, 2-methyl-1,3-pentadiene, 1,3-
cyclohexadiene)*®*
% Methacrylic esters (e.g. methyl methacrylate)*®
«» Cyclic compounds (e.g. ethylene oxide, hexamethylcyclotrisiloxane and e-
caprolactone).*
The ability to synthesize well-defined block copolymers and even more complex architectures
by anionic polymerization has led significantly to the advancement of the structure/properties
relationship in bulk and in solution. Only materials prepared via anionic polymerization have
verified older and new theoretical models based on their behaviour in solution and bulk and
evidently pioneered the breakthrough of self-assembly and directed self-assembly by
combining well-defined block copolymers with specific chemical, physical properties and

thermodynamics.

2.2 Alkadiene-Based Elastomers
Alkadienes are vinyl monomers containing two double bonds in their structure. They

are considered a significant class of chemical compounds as they exhibit very interesting

15



physical and chemical properties when polymerized. Poly(isoprene) (PI) and poly(butadiene)
(PB) were the first polydienes synthesized and studied extensively for their properties. They
belong to the category of elastomers, which are polymers with viscoelasticity (exhibiting both
viscosity and elasticity), and very weak inter-molecular interactions, with low Young's
modulus and high failure strain when compared to other polymeric materials.

Elastomers are usually thermosets (requiring vulcanization) or thermoplastics.
Thermosets are vulcanized polymers (chemically formed networks between polymer chains in
the presence of other atoms i.e. sulfur) having the ability to reconfigure in order to distribute
an applied external stress. The covalent cross-links ensure that the elastomer will return to its
original configuration when the stress is removed. Thermoset elastomers have also low glass
transition temperatures (Ty), well below ambient conditions. Specifically, poly(butadiene)
with high 1,4-microstructure (~92%) exhibits values of T, = -85 to -90°C, while cis-1,4
poly(isoprene) obtains T, = -67°C respectively.”*" Other examples of polydienes anionically
synthesized are: poly(2-methyl-1,3-pentadiene) and poly(1,3-cyclohexadiene). Poly(2-
methyl-1,3-pentadiene) when hydrogenated is converted (up to >99%) to polypropylene,
exhibiting a 100% atactic conformation as well as unique thermal and mechanical
properties.*? This polydiene exhibits high 1,4-microstructure (~99%) when polymerized via
alkyllithium initiators (e.g. sec-BuLi) in hydrocarbon solvents (e.g. cyclohexane) and also
obtains higher glass transition temperature than the polydienes previously mentioned (T, =
4°C).® Poly(1,3-cyclohexadiene) can exhibit very interesting and different, from other
polydienes, properties such as increased thermal and chemical stability as well as improved
mechanical properties®®* due to its cyclic rings in the main chain. Among these polydienes,
poly(isoprene) and poly(butadiene) are the most studied and applicable polydiene-based
elastomers with industrial applications already in automobile tires, water proof membranes
etc.

2.3 Effect of Polar Additives in Anionic Polymerization of Alkadienes

The carbanion environment affects the kinetics mechanism of anionic polymerization.
If the carbon-lithium bond is replaced by a carbon-carbon bond, no active sites remain. When
a hydrocarbon solvent is used for the polymerization of a vinyl monomer, the carbanions form
a strong ion-pair with metal counterion (usually Li or Na or K). The addition of polar
additives, even at very small amounts, such as tetrahydrofuran (THF) or N, N, N’, N’-
tetramethylethylenediamine (TMEDA) disrupts the alkyllithium aggregates and produces
loose ion-pairs. For example a corresponding ion-pair in THF (polar solvent) becomes a free
ion. The disruption of the alkyllithium aggregates dramatically increases the kinetics of the

reaction (Figure 2.3).
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Figure 2.3: A schematic representation of the polar additive effect into the kinetics of anionic
polymerization.

The change of the reaction kinetics and environment of lithium carbanion association
through polar additives also affects the resulting polydiene microstructure. The effect of a
polar solvent (THF) in the polymerization of 1,3-butadiene with sec-BuLi as initiator has
been reported in the literature® and is shown in Table 2.2. As the amount of THF increases,
the 1,2-content of poly(butadiene) also increases. When 1,3-butadiene is polymerized
anionically in non-polar hydrocarbon solvents, 1,2-microstructure ranges between 8-10%,
while in THF (polar solvent) may reach values up to 90%.> Polydienyl anions provide less
chain end association in polar media when compared to their association degree in non-polar

hydrocarbon solvents.

Table 2.2: Effect of polar solvent (THF) on the microstructure of poly(butadiene).*

Solvent System THEF/secBuLi cis-1.4 trans-1.4 12
n-hexanes 0 35 57 8
n-hexanes/THF 1.0 25 40 35
n-hexanes/THF 8.2 21 31 45
n-hexanes/THF 17 14 28 58
n-hexanes/THF 53 7 10 85

Reaction temperature: 30 “C. Initiator: sec-BuLi

The 1,2-microstructure of poly(butadiene) affects the properties of the polymer.
Approximate values of glass transition (T4) and melting point (T,) temperatures of the
poly(butadiene) microstructures and conformations of the 1,2-microstructure are summarized
in Figure 2.4 and indicate a linear relationship of the glass transition temperature with the

percentage of 1,2- vs. 1,4-microstructure in the final poly(butadiene) in each case.®®

17



§\7

cis 1,4-PB trans 1,4-PB Syndiotactic 1,2-PB Isotactic 1,2-PB
T, ~-100°C T, ~-80°C T, ~156°C T, ~125°C
T, ~0°C T,, ~ 140°C

Atactic 1,2-PB T, ~0°C

Figure 2.4: Poly(butadiene) microstructures, conformations of the 1,2-microstructure (syndiotactic,
isotactic, atactic) and their thermal properties values.®’

Anionic polymerization of isoprene in a hydrocarbon solvent (benzene, cyclohexane,
etc.), using organolithium compounds as initiators, is known to lead to high 1,4-
microstructure (>90%) for PI and specifically high cis-1,4 Pl (~80%), while the -3,4 content
is very low (~5%).” The high cis-1,4 content is formed due to the presence of the methyl
group as a ligand in carbon-2 which distinguishes the specific monomer from 1,3-butadiene.
The methyl group modifies the configuration of either the anion or the approaching monomer.
The presence of ethers (THF) or amines (TMEDA) during the polymerization of isoprene has
been reported to affect drastically the microstructure of the polymer produced.®®* It also
increases the initiation and propagation rates, as concluded from kinetic studies reported by
Bywater and Worsfold.® The produced PI had high vinyl content and less 1,4-microstucture
(Table 2.3) as indicated by the *H-NMR spectra data. The transition to a solution rich in THF
causes the Pl polymer to progressively enrich the 3,4-microstructure whereas in pure THF it
is reported that the 1,4-microstructure is no longer evident.

Table 2.3: Variation of poly(isoprene) microstructures in the presence of THF.%®

Polyisoprene microstructures

Structure {9)

Initiator® Solvent cis 1:4 trans 1:4 3:4 1:2
Butyllithium Cyclohexane 80 15 b -
Butyllithium -+ 2 males THF Cyclohexane 68 19 13
Butyllithium + 15 moles THF Cyclohexane 69 a1 —
Butyllithium Cyclohexane

+10% THF ~ — 26 66 9
Butyllithium THE -_ —_ 74 26
Butyllithium + lithium hydroxide Cyclohexane 63 27 5 —
Butyllithium + lithium butoxide Cyclohexane 69 26 5 -—
Sodium Cyclohexane 29 29 42 —
Sodium Tl}i]F — — 82 18
Emulsion Water (50%) 30 B3 5 ——

FRutyllithium concentration ca. 3 X 1074 M,

More studies were reported for the polymerization of isoprene in the presence of
dioxane and diethyl ether or exclusively in these solvents.®*** In all cases the synthesized PI,
exhibited high 3,4-microstructure (>50%) despite the addition of only small amounts of the
polar additives. Furthermore, it was reported that cis-1,4 is the more stable 1,4-microstructure

for all alkali metals (Li, Na, K) in polar solvents when compared to the trans, whereas with
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lithium as the metal counterion in hydrocarbon solvents the trans-1,4 microstructure is most
dominant (Table 2.4).

Table 2.4: Ratio of the PI microstructures as formed in ether at -20°C.%

coun-
terion % 1,4° % 1,2¢ % 3,49
Lt  35(7, 14) 13 (17,18) 52 (76, 68)
Na* 17 (9) 22 (12) 61 (78)
K*  38(38,36) 19(12,14) 43 (50, 50)
Cs* 52 (47) 16 (12) 32 (41)

®Number in parentheses are from ref. 60 and 61, for polymerizations in dioxane.

Hsu and Halasa reported a patent® for the synthesis of crystallizable Pls, (3,4-
content approximately equal to 80-85%) and isoprene-butadiene copolymers having high
vinyl content utilizing a catalyst system which is comprised from: a) an alkyliron compound
(soluble in organic solvents), b) a partially hydrolyzed organoaluminum compound prepared
by adding a protonic compound (water or alcohols) and ¢) an aromatic amine in ratio with the
alkyliron compound equal to 0.1:1. The polymerization reaction was accomplished in an
organic solvent at a temperature range within 10-30°C for 1-2 hours. The prepared
crystallizable Pl;, exhibited a T, within the range of 4-8°C, and the molecular weight
distributions were quite high (2 < I < 3). These PI macromolecules are very useful for making
tire tread rubber compositions since they may provide good rolling resistance while offering

outstanding wet and dry traction characteristics.

2.4 Polymer Architectures
2.4.1 General Information

The physical properties of a polymer are determined by the configuration of the
constituent atoms and the molecular weight. The configuration is partly dependent on the
main chain, and partly on the various side groups. Many side chain groups cause steric
hindrance and restrictions in the free rotation of the ligands attached to the carbon atoms
bearing the double bond. The structure of a macromolecule includes the topology and the
arrangement of the monomer (homopolymers) or different monomers (copolymers,
terpolymers, etc.). In Figure 2.5 some of the most important architectures of homopolymers
are summarized including linear, different kinds of branched polymers as well as cross-linked
architectures. Except from the linear and cyclic cases, the remaining structures exhibiting
chains as ligands indicate the significance of branching in the final properties of the resulting

architecture.
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Figure 2.5: Various architectures of linear and non-linear homopolymers.

Depending on the monomer chemical structure and the number of chemically
different monomeric units employed in the final material, polymers can be divided to
homopolymers, if there is only one type of monomeric unit, copolymers (two types of
chemically different monomeric units), terpolymers (three types of chemically different
monomeric units) etc.®® Copolymers are also categorized depending on the manner the
different monomers are arranged in the final polymer to: block, random, alternating and graft
copolymers (Figure 2.6).

Alternating

Random

Ve

Graft

Figure 2.6: Different categories of a copolymer depending on the arrangement of the two types of
chemically different monomeric units within the final material.
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2.4.2 Anionic Polymerization of Non-Linear Homopolymers

The combination of anionic polymerization techniques and chlorosilane chemistry®
can lead to the formation of well-defined homopolymers with complex architectures such as
stars, H-shaped, super H-shaped, graft, dendrimers etc. The synthesis and characterization of
H-shaped Pl 4 has been reported,®” using anionic polymerization via high vacuum techniques
and chlorosilane chemistry. The polymerization of isoprene was carried out in benzene and
sec-BuLi was used as initiator. The final H-type PI was prepared using a difunctional initiator
resulting from the reaction of sec-BuLi with 1,2-bis[4-(1-phenylethenyl)phenyl]ethane which
initially polymerized isoprene and then the difunctional living Pl was coupled with
trichloromethylsilane  (CH3SiCls), followed by condensation with monofunctional
poly(isoprenyllithium).

A different synthetic approach was reported for the synthesis of well-defined
symmetric H-type poly(butadienes) by Mays’ research group.®® This synthetic strategy
involved anionic polymerization techniques in combination with a difunctional linking agent,
4-(dichloromethylsilyl)diphenylethylene (DCMSDPE). The synthesis was performed by
following specific steps which were: a) growing of a living PBOLi chain using sec-BuLi as
initiator in benzene, b) titration of DCMSDPE with the living PBPLi®), ¢) addition of sec-
BuLi in order to activate the double bond of the substituted DPE, d) subsequent addition of
butadiene in order to form a living “half-H architecture”, a structure identical to a 3-arm star
homopolymer, which exhibited two chains linked into a macromolecule bearing living sites
and with half the molecular weight of the final connector and e) final coupling of the two
“half-H architecture” macromolecules with dichlorodimethylsilane [(CHs),SiCl;] in order to
prepare the final H-type PB, , homopolymer (Figure 2.7). These polymers were also studied®
with temperature gradient interaction chromatography (TGIC), where a lot of byproducts
were obtained. Rheological measurements of this type of polymers were used in order to

validate or not the “tube” model for long-chain branched polymers.
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Figure 2.7: Synthetic route for the preparation of symmetric H-shaped poly(butadiene) with high 1,4-
microstructure.®®

The same group also reported the synthesis, molecular characterization and linear
rheological measurements of four different asymmetric H-type PB; , homopolymers utilizing
again DCMSDPE as the linking agent.””™ The synthetic procedure was slightly different than
the one reported above. In this case, living PBOLi® is added into DCMSDPE in order to
replace both chlorine atoms. The result was an in-chain DPE with two short arms. Subsequent
addition of sec-BuLi and Bd monomer led to a living three arm asymmetric star. Another in-
chain DPE with two long arms was synthesized separately and mixed with the first one
bearing the short arms in the presence of THF in order to obtain the desirable asymmetric H-

type PB homopolymer (Figure 2.8).
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Figure 2.8: (A): Reactions for the synthesis of asymmetric H-type PB, 4, homopolymer (B): scheme of
the different architectures of asymmetric H-type PB; 4 homopolymer (S: short chain, L: large chain, for
the arms attached to the connector).”
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Polystyrene with dendritic branching prepared by the convergent method and living
anionic  polymerization ~were reported’? using another linking agent, 4-
(chlorodimethylsilyl)styrene (CDMSS). The coupling agent CDMSS comprised from a
polymerizable group and a moiety capable of quantitatively coupling with a living chain. A
series of dendritic polystyrenes with different branch lengths were synthesized, utilizing this
method. The same group in a similar manner managed to synthesize graft copolymers of PS-
g-(hyper)PS, PMMA-g-(star)PS and PMMA-g-(hyper)PS types from star-shaped and
hyperbranched polystyrene macromonomers respectively” (Figure 2.9).

— T PS — T PRMA I l____.___.--— PRMA
J J g
I ) [
(@) )] c)

Figure 2.9: Representation of (a) polystyrene-graft-(hyperbranched polystyrene), (b) PMMA-graft-
(star polystyrene), and (c) PMMA-graft-(hyperbranched polystyrene).”

By using the same linking agent (CDMSS) Hadjichristidis’ research group reported’
the synthesis and characterization of a variety of novel complex macromolecular architectures
based on styrenic polymacromonomers of PI, PB and PS-b-PI by selective reaction of PI1¢
Li®, PBOLI™, and PS-b-PIOLi™ with the chlorine atom of 4-(chlorodimethylsilyl)styrene.
These macromonomers and conventional monomers (styrene, isoprene, and 1,3-butadiene)
were homopolymerized or block copolymerized, by anionic polymerization high-vacuum
techniques. Well-defined second generation dendritic polymers of isoprene and styrene were

also reported’, utilizing this synthetic procedure (Figure 2.10).
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Figure 2.10: Schematic presentation of second-generation symmetric and non-symmetric dendritic
homo- and copolymers of the (11 1)z, (I, 1)s , (Sz1)3, and (S11); types.”™

2.5 Block Copolymers

A block copolymer macromolecule contains two or more polymer chains linked
together with covalent bonds in which only two chemically different monomeric units are
involved. Linear block copolymers include two or more polymer chains in a specific
sequence, whereas a star block copolymer contains more than two linear block copolymers
attached together to a multifunctional linking point. In most cases, the different polymeric
chains of block copolymers are thermodynamically incompatible giving rise to a variety of
morphologies when studied in bulk and in solution. Therefore, the obtained topologies are
highly coupled to the chemical and physical characteristics of the molecules of each block
and materials with applications ranging from thermoplastic elastomers and high-impact
plastics to pressure-sensitive adhesives, additives, foams etc. can be created.” Furthermore,
block copolymers are excellent candidates for potential applications in advanced materials

% "magnetic media storage®, drug

technologies such as nanolithography and nanofabrication
delivery® and photonic crystals.®

Anionic polymerization is the most reliable technique for the synthesis of well-
defined block copolymers but it requires high purity reagents and the use of high vacuum
techniques to prevent accidental termination or transfer reactions due to the presence of any
type of impurities. Following specific experimental conditions®®®, due to the absence of
termination and chain transfer reactions, carbanions remain active after complete
consumption of the first monomer and the formation of block copolymers is successful by
introducing a second monomer into the polymerization mixture. The need to combine more

properties in block copolymer systems has directed recent advances in the synthesis of block
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copolymers with complex architectures, such as miktoarm stars'®, H-shaped®, super H-

shaped®®, graft** and dendrimers*® (Figure 2.11).

Ve WU snsmasngmaan

Diblock Tblock Multiblock
(AB); ,] ABC 0 [
Heteroarm star Y structure

Miktoarm star
Figure 2.11: Block copolymer architectures.®

2.5.1 Linear Diblock Copolymers (AB)

Linear diblock copolymers® are the simplest case of copolymers since only two
chemically different blocks are linked together via a common junction point (Figure 2.12)
corresponding to a carbon-carbon covalent bond. The most general method in order to
synthesize diblock copolymers is the sequential monomer addition, where one of the two
monomers is polymerized first and the second monomer is added and polymerized through
the living macroanions of the first block until its complete consumption. Then, a termination
reagent is added and the diblock copolymer is precipitated in a non-solvent, dried and

collected.
A B
NAS A

Figure 2.12: Schematic representation of a diblock copolymer.

The most important parameters that must be fulfilled in order to achieve the synthesis
of well-defined diblock copolymers are:

(@) The macroanion of the first monomer must be a stronger nucleophile than the one
obtained from the second monomer in order to be able to initiate the
polymerization of the second monomer.

(b) The initiation rate for the polymerization of the second monomer by the
macroanions of the first monomer must be higher than the propagation rate during
the polymerization of the second monomer in order to ensure narrow molecular

weight distribution and molecular homogeneity.

25



(c) The purity of the second monomer must be equally high with that of the first
monomer. Otherwise, macroanions of the first monomer can be partially
terminated leading to the presence of homopolymer in the final material.
Furthermore, there will be no control of the molecular weight of the final diblock
copolymer, the composition in mass fraction between the two blocks will not be
the requested one due to the decrease in the concentration of the active centers
leading to higher molecular weight for the final product.

The most widely studied diblock copolymers are those consisting from polystyrene and a
polydiene (either Pl or PB).>*" The polystyrene anionic centers can initiate efficiently the
polymerization of either isoprene or 1,3-butadiene in hydrocarbon solvents. Additionally, by
using organolithium initiators, high percentage of 1,4-microstructure is achieved for the
polydienes leading to copolymers with relatively good elastomeric properties. Alternatively,
copolymerization of dienes as the first block in hydrocarbon solvents with styrene as the
second block is possible by adding a small amount of a polar additive (THF) prior to the
initiation of styrene polymerization. The presence of polar reagents alters the stereochemistry
and the reactivity of the polydiene macroanions, enabling a fast initiation rate for the second
monomer (styrene) and leading to diblock copolymers with predictable molecular weights and
narrow molecular weight distributions.®” Except from the copolymerization of styrene with
isoprene or 1,3-butadiene, other alkadienes have also been copolymerized with styrene, such
as 2-methyl-1,3-pentadiene® and 1,3-cyclohexadiene,® leading to diblock copolymers with
well-defined molecular weights, narrow molecular weight distributions and
structural/compositional homogeneity.

The synthesis of diblock copolymers containing styrene/styrenic monomers or dienes
(isoprene, 1,3-butadiene) and (meth)acrylic monomers has also been reported in the
literature.® These diblock copolymers are synthesized by polymerizing first the most reactive
monomer (styrenic or alkadiene) and then the (meth)acrylic monomer. Polymerization of
(meth)acrylic monomers requires low polymerization temperatures (-78°C), polar solvents
(usually THF)* and relatively less active and more sterically hindered initiators in order to
avoid side reactions of the carboanions with the active carbonyl group of the acrylic
monomer. For this reason, a non homopolymerizable reagent such as 1,1-diphenylethylene
(1,1-DPE) is usually used together with additives like LiCl, enhancing the control of the
polymerization of (meth)acrylic monomers even in higher temperatures (e.g. -30°C).%

Another class of significant diblock copolymers involves siloxane monomers and
especially hexamethylcyclotrisiloxane. The last two decades, siloxane containing polymers
are widely used in numerous applications, mainly in the area of nanotechnology, and
especially nanostructuring and nanofabrication through self-assembly in bulk and directed

self-assembly from thin films. Anionic polymerization of cyclosiloxanes has been
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investigated for synthesizing diblock copolymers with either styrene or alkadienes as the first
block.% Initiators containing Li as the counterion have been used under specific conditions
and taking into consideration the high purity of the siloxane monomer together with the
elimination of back-bitting and/or redistribution reactions, well-defined diblock copolymers
have been synthesized exhibiting variable molecular weights and compositions (Figure
2.13).”® Model copolymers of PB and poly(dimethylsiloxane) (PDMS) were also synthesized
through sequential monomer addition. By homogeneous hydrogenation of PB-b-PDMS, the
PB chains were almost quantitavely transformed to poly(ethylene) and diblock copolymers of
the PE-b-PDMS type were obtained.”
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Figure 2.13: Reaction mechanism for the synthesis of PS-b-PDMS diblock copolymers.*®

2.5.2 Miktoarm Star Copolymers (A.B and A3;B Type)

Star copolymers in general are divided to symmetric and asymmetric. In asymmetric
star copolymers, the asymmetry involves: i) the molecular weight (the arms differ in
molecular weight), ii) the chemical nature (miktoarm star copolymers) and iii) the topology
(the arms are block copolymers which may or may not have the same composition and
molecular weight, but differ in the relevant segment which is attached to the linking point).*

The word miktoarm™ (mikto from the Greek word uxtéc meaning mixed) is an
international term which has been adopted to describe exclusively star polymers consisting of
chemically different chains. The number of different arms may vary together with the total
number of arms, in order to prepare a variety of miktoarm stars such as: A;B, AsB, AsB (or
generally A,B) and A,B, (Figure 2.14).
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B

Figure 2.14: Schematic presentation of the architectures corresponding to miktoarm star copolymers
of the A,B and A3B type.

Although there are several individual methods for the synthesis of miktoarm stars
four general methodologies have been referred in the literature. Three of them are based on
anionic polymerization and the fourth on cationic. In all of them the use of appropriate linking
agents is necessary. These methods are: anionic polymerization with: a) divinylbenzene
(DVB), b) diphenylethylenes (DPE), c) combination of chlorosilane chemistry and the fourth
method involving living cationic polymerization.

The first, almost monodisperse, miktoarm star copolymer of the A,B type where A

was Pl and B was PS was reported by Mays et al.*

, using trichloromethylsilane (CH;SICls) as
the linking reagent. A very important issue in the synthesis of these types of star polymers
involves the incorporation of the linking reagent. Living B chains are reacted with a large
excess of CH3SIiCl; in order to selectively substitute only one chlorine atom of the silane,
therefore, the specific active sites should be the most sterically hindered (e.g. PSOLi®). By
employing this synthetic procedure the advantage is that no side reactions occur, such as the
formation of a dimer, tetramer or even a gel, but the disadvantage is that the excess of the
relative chlorosilane should be removed prior to the addition of the second type chemically
different chains. In order to ensure the complete substitution of the two remaining chlorine
atoms, a small excess of the A living ends is added and therefore fractionation in a mixture of
solvent/non solvent is needed to remove the residual non incorporated living ends (Figure

2.15).

PS'Li" + excess (CH3SiCl; — PS-Si(CH3)Cl, + LiCl + (CHy)SiCl; 4

PS-Si(CH3)Cl, + excessPI"Li" —» PS- Si(CH3)(PI),
Figure 2.15: Reactions scheme for the synthesis of PS(PI), miktoarm star copolymer.

This synthetic procedure was further developed by the Hadjichristidis’ group.” All
possible combinations of A,B polymers with A and B being PS, Pl or PB were prepared.

High degrees of molecular, structural and compositional homogeneity were achieved by this
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technique, as was evidenced by the combination of all molecular characterization data
reported in the literature.

The chlorosilane method was adopted for the synthesis of miktoarm stars of the type
B(A-b-B), where A is Pl and B is PS.** The synthetic procedure was similar to that used for
the preparation of A,B stars except that two of the arms were diblock copolymers, as is shown
in Figure 2.16. Extensive characterization data were given to confirm the synthesis of the
well-defined copolymers.

styrene 4+ secBuLi — 4 pSTLit
PS'Li*  + isoprene (PS-b-POLi*

PS'Li*  +  excess(CHySiCl; ——» PSSiCH,)Cl, + LiCl + (CHySiCly}

2(PS-H-PD Lit + PSSi(CH,)Cl, —» PS(PI—b—PS)zsi{CH3) + 2LiCl

Figure 2.16: Synthetic route for B(A-b-B), star copolymer.

For the synthesis of A;B miktoarm star copolymers the only difference is on the
linking reagent (SiCl, instead of CH3SiCly). Living PS chains were reacted with an excess of
the linking agent for the preparation of the trichlorosilane end-capped PS. After removal of
the SiCl, excess the macromolecular linking agent was added to a slight excess of living PI*
)Li® chains and the A;B miktoarm star was prepared. The reactions of all steps involved were
monitored by SEC. The products after extensive characterization exhibited high degree of
molecular and compositional homogeneity.* This type of chlorosilanes, due to their low
boiling points, can be easily removed from the solution of the chlorosilane-capped B polymer.
The solvent, usually benzene, and the chlorosilane are removed in a high vacuum line until
the sample is completely dried, whereas the remaining product is re-dissolved in benzene. A
similar procedure was followed for the synthesis of miktoarm stars of the type B(A-b-B)s, in

which again A corresponded to Pl and B to PS.**

29



CHAPTER 3

Physical Properties of Linear and Non-Linear Block Copolymers

3.1 Microphase Separation of Linear Diblock Copolymers
3.1.1 Theory Background

Block copolymers consist of incompatible polymer segments which are chemically
connected to each other with covalent bonds. The value of the Gibbs free energy (AGy) for
the simplest case, which is the mixing of two chemically different homopolymers, is given by

the following equation:
AG,, =AH,, -TAS,, (3.1)

where AHy and ASy are the enthalpy and entropy variations due to mixing, respectively. For
the phase separation of a linear diblock copolymer, the final free energy F is given by the
following equation:

F LN bu
E—ZAB«/)A%{NJ In(¢,) +[NBJ In(ga) (32

where ¢, and @, correspond to the volume fraction of block A and B respectively, N and

Ng are the degree of polymerization of block A and B respectively which are always
proportional to the molecular weight of each relative block and y is the Flory-Huggins

interaction parameter between the A and B polymer segments. The first two factors, ¢ and N,

are related to the composition of the copolymer and affect the entropy of mixing while y is a
parameter related to the enthalpic interaction of the blocks and is inversely proportional to the

temperature according to the following equation®:

z=%+ﬂ (3.3)

where o contains the enthalpic excess free energy of mixing and f contains the entropic
excess free energy of mixing (the units « and p are typically Kelvin and do not bear any units,
respectively).” It is easily understood, from equation 3.2, that entropic interactions are related
to N'* and enthalpic interactions are related to y and since y << N, the microphase separation
exclusively depends on the yN value.

Thermodynamics of block copolymers depend also on the fact that chains tend to
maintain their unperturbed dimensions. Entropic interactions tend to favor the mixing of the
two blocks while the enthalpic interactions promote their separation. Consequently, the phase
behavior of linear block copolymers (diblock is the simplest case) is determined by three

experimental controllable parameters:
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> the total degree of polymerization N,

> the volume fraction ¢

» the A/B segment-segment Flory-Huggins interaction parameter y.

At equilibrium, polymer chains tend to form such structures that the total free energy of the
system is minimized. When the interaction parameter y is increased (e.g. by lowering the
temperature) the junction points (covalent bonds joining together the two blocks) between A
and B are less favored. If the value of degree of polymerization N is relatively high, then the
junction points of A and B blocks are even less favored leading to the decrease of the chain
conformation entropy. The result is that the chains do not maintain anymore their unperturbed
dimensions and the enthalpy requirement for minimizing the junction points between
dissimilar chain segments leads to a local phase separation which is called microphase
separation (Figure 3.1).

Order Disorder

¢ Junction points

Figure 3.1: Ordered state (left) and disordered state (right) of a symmetric linear diblock copolymer,
exhibiting alternating lamellar structure (left image). The ordered state consists of separated
microphases of the two components with the junction points located on the interface.*

In the case where y or N decrease significantly, the entropic factors will dominate,
leading the system to the disorder state. The change related to a transition from a disorder
state to an ordered state is called microphase separation transition (MST) or order-disorder
transition (ODT) and the temperature where this change happens is called order-disorder

temperature (Topr). Mean-field theory (MFT) calculations by Leibler®® predicted that the
order-disorder transition (ODT) for a symmetric diblock copolymer (¢, = @5 = 0.5) is

observed when yN=10.5.

The separated microphases assemble forming various structures. The morphology
that will be adopted by the copolymer melt, when it microphase separates, is determined by
the entropic and enthalpic factors adjusting the total free energy value. The enthalpic term is
related to the interaction energy and favors the minimization of the interface size which

separates the two different blocks. The entropic term is related to the extension energy of the
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chains and favors chain conformations in both sides of the interface. The adopted morphology

of the copolymer at equilibrium is a combination of both entropic and enthalpic parameters.
For a symmetric diblock copolymer (¢, = @3 = 0.5), the chains located in both sides of the

interface will have almost the same size (almost identical conformation) leading to the

formation of alternating lamellar. While the asymmetry between the blocks in both sides of
the interface is increased (¢, > 0.5, @, < 0.5), the asymmetry between the chain size is also
increased resulting to the formation of more curved interfaces towards the block with the

lowest content (g ) (Figure 3.2).

Figure 3.2: The effect of asymmetry between the blocks on the interface curvature in a diblock
copolymer. The more asymmetric the macromonomer is, the larger the curvature of the interface
becomes. The overall morphology of the system depends on the local curvature of the interface.

At the beginning of microphase separation, the system goes through the ODT to the
weak segregation limit (WSL) when yN~10.5. In WSL, the thickness of the interface is not
small but significantly large, due to the high mixing of the two blocks inside the interface and
the macromolecular conformations are similar to the unperturbed dimensions. The other
regime which has been reported in the literature is the strong segregation limit (SSL) for cases
in which yN > 100, where the interactions between the asymmetric blocks are so strong that
the chains are almost immediately separated in homogenous microdomains divided by very
thin interfaces on which the junction points are located. Each microphase contains exclusively
only one of the two components and by moving from one microphase to another there is a
sharp change in composition. It is important to emphasize that the dimensions of the
intermediate surface in the strong segregation limit are negligible in contrast with the case of
weak segregation limit. Consequently, the enthalpic term of the free energy is related only to
the area of the interface since this is the domain where the junction points between the two
different blocks are located. The enthalpic term is significantly reduced by the stretching of

the chains away from the interface (the macromolecular conformations are far from the
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unperturbed dimensions), resulting to absolute absence of mixing between the blocks. The
third regime is the intermediate segregation limit (ISL) for which the N value is varying
accordingly: 30 < yN < 100.

3.1.2 Strong Segregation Limit (SSL)
Many theories were developed in order to describe the strong segregation limit for
block copolymer microphase separation. Two of the most important are described.

%101 \who introduced a self-

The first was developed by Helfand and Wasserman
consistent field theory (SCFT) with three principal contributions to the free energy: a) contact
enthalpy between the A and B microdomains at the interface, b) minimization of entropy due
to stretching of chains and ¢) confinement entropy due to localization of the junction points at

the interface. Their result for the microdomain thickness was:

d~aN°" (3.4)

where 6 ~ 9/14, v = 1/7 and a is the statistical segment length.

The second theoretical study was developed by Semenov'® who estimated the free
energy in the asymptotic limit arguing that polymer chains are strongly stretched. This
situation resembles grafted polymer brushes as well as surfactant interfaces and estimates that

the microdomain size in the asymptotic limit is given by the following equation:

d ~aN 2/3){ 1/6 (35)

The above equation predicts a strong dependence on the microdomain size on N and a weak
dependence on y. Since there is weak dependence of the interaction parameter y, the
experimental verification of this equation was a difficult task, however experiments in
symmetric diblock copolymers'® have shown a weaker dependence as d ~ N %, for yN > 29,
with a strange N-dependence (d ~ N %%) at weaker segregation, implying that this SSL
predictions of d ~ N?* are only correct for yN > 100, as expected.

Changes in volume fraction, ¢ primarily affect the shape and packing symmetry of
the ordered microstructure, except near the ODT, and are almost uncorrelated with yN.
Reducing or increasing ¢, leads to unequal packing and chain stretching constraints on each
side of a diblock copolymer molecule and leads to new ordered-phase symmetries over
specific ranges in composition. Seven ordered phases have been identified in the
polystyrene/poly(isoprene) diblock copolymers (PS-b-Pl), as illustrated in Figure 3.3, where

¢ indicates the volume fraction of polystyrene.'**

33



-@

PS PS PS Ps, PI Pl PI PI
Spheres Cylinders OBDD Lamellae OBDD Cylinders Spheres
0.17 0.28 0.34 0.62 0.66 .77
T

Figure 3.3: Effect of varying composition on the ordered-phase symmetry in polystyrene-b-
poly(isoprene) (PS-b-PI) block copolymer, where f refers to the overall volume fraction of polystyrene.

For ¢, < 0.17, microspheres of polystyrene are ordered on a body-centered cubic

(BCC) lattice in a matrix of poly(isoprene). Increasing the composition to 0.17 < ¢, < 0.28
leads to hexagonally packed (HEX) cylindrical PS microdomains. An ordered bicontinuous
double diamond (OBDD) PS microstructure embedded in a continuous Pl microphase appears

where 0.28 <@, < 0.34. It should be noted that OBDD has been replaced since the mid 90’s

by the double gyroid (DG), where it was found to be more stable predominant structure.

Between ¢, = 0.34 and 0.62 these materials display an alternating lamellae microstructure

(LAM). Increasing ¢y further, leads to the corresponding inverted ordered phases, in which

PS is the matrix and PI the minority component.

3.1.3 Weak Segregation Limit (WSL)

This is the regime where most of the experiments were accomplished, when yN is
slightly larger than 10.5. Leibler® was the first who considered a monodisperse linear diblock
copolymer (AB) with equal monomer volumes and statistical segment lengths (aa = ag). The
conclusion was that the morphological behavior is related to the interaction parameter y, the

degree of polymerization N and the volume fraction ¢ , which is a fraction of the copolymer

molecular composition f, according to the equation:
fAdB

= 3.6
fdg+ fod, (39)

(2N

where ¢, is the volume fraction of block A, da and dg are the densities of A and B blocks

respectively and f, and fg are the molecular fraction or mass fraction values of A and B blocks

respectively. The molecular fraction of block A is given by the following equation:

foo M 3q

Mn,A + Mn,B
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The phase diagram obtained is shown in Figure 3.4. The phase limits are more curved with
the volume fraction as the segregation becomes weaker. For a symmetric copolymer with

volume fraction ¢ = 0,5 the order-disorder transition is predicted that occurs when yN =

10.495, where a second order transition from the disordered phase to alternating lamellar
domains occurs. For a specific range of compositions and yN values larger than 10.5, for
systems exhibiting large asymmetry between the two blocks, Leibler predicted that at the
ODT the system undergoes a first order transition from the disorder phase to a body centered
cubic (BCC) sphere phase.
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Figure 3.4: Theoretical phase diagram for linear diblock copolymers within the mean-field theory
assuming equal monomer volumes and statistical segment lengths for the two blocks. On this phase
diagram, f corresponds to the volume fraction.*®

By further increase of yN at specific volume fractions, and by using the mean-field
theory (MFT) calculations, the system undergoes a transition to hexagonally packed cylinder
(hpc) phase and then to the lamellar phase. Mayes and Olvera de la Cruz'® used the Hartree
approximation which resulted in the following equation:

(xN)oor = 10,495 + 39,053 N *2 (3.8)

As it can be concluded and in contrast with strong segregation limit theory where d ~

N 23, at weak segregation limit theory the microdomain size (d) of the adopted unit cell in

each case is analogous to N *2,

3.1.4 Intermediate Segregation Limit (ISL)

The previously reported approaches from Helfand, Leibler and Semenov were very
successful in predicting the three classical phases but failed to account for the more complex
ones. Matsen'® showed self-consistent field theory (SCFT) results, for intermediate
segregation, in more complex structures as it can be observed by the phase diagram given in

Figure 3.5. The most important aspect of this phase diagram is the existence of a new phase,
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the double gyroid phase, in addition to the usual lamellar, hexagonal and spherical phases

predicted from Leibler’s work.

o [m o [ '

Spheres (BCC) Cylinders (HEX) Gyroid (GYR) Lamellar (LAM)
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Figure 3.5: Mean field phase diagram within the SCFT approximation for conformationally symmetric
diblock copolymers constructed by Matsen. The different phases are: L: lamellar, C: hexagonally
packed cylinders, S: spheres packed in a bcc lattice, G: bicontinuous 1a3d cubic (double gyroid), Scp:
closed packed spheres.'”’

The SCFT predicts for intermediate segregation the sequence of lamellar-gyroid-

hexagonal-spheres-disordered phases when ¢ progresses from 0.5 to 0 or 1. Both perforated

lamellar (PL) phase'® and the ordered bicontinuous double diamond (OBDD) are absent from
the diagram since they were considered unstable and/or metastable phases.

3.1.5 Conformational Asymmetry
Matsen and Bates'® reported, through SCFT calculations, that conformational
asymmetry () plays a significant role to the order-order and order-disorder phase boundaries.
By compiling the free energy values found for classic and more complex diblock copolymers,
very interesting phase diagrams were produced corresponding to the cases where aa/ag = 1.5
and aa/ag = 2 (Figure 3.6), where a is the statistical segment length. The main effect of
conformational asymmetry is to shift the phase boundaries towards compositions richer in the
blocks exhibiting the higher asymmetry. This asymmetry has been attributed to differences in
monomer volume and in chain flexibilities of the blocks, leading to an overall conformational
asymmetry described by equation 3.9:
a’ 16u,
al l6ug

¢ = (3.9)
where u is the statistical segment volume and a the statistical segment length.
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Figure 3.6: Phase diagrams for linear diblock copolymers with different conformational asymmetries
within the SCFT and f, = volume fraction. Top: ax/ag = 1,5; Bottom: as/ag = 2: The ordered phases
are L (lamellar), G (gyroid), C (hexagonally packed cylinders), S (spheres in bcc lattice), and Scp
(spheres in fcc lattice).*®

As it can be easily observed from Figure 3.6, the conformational asymmetry has a
greater impact on the order-order transitions (OOT) than on the order-disorder transitions
(ODT) producing larger shifts. The larger shifts in the OOT can be explained from the fact
that as as/op increases, the A blocks become easier to stretch, while the opposite happens for
the B blocks leading to a larger asymmetry in the phase diagram when the value of a,/og is
equal to 2. The interface acquires the tendency to curve towards the A blocks, while allowing

the B blocks to relax at the expense of A segments. At a certain composition @, or f,, the

lamellar phase will tend to transform to the hexagonal one where cylinders of A blocks will
be embedded in a matrix of B blocks. This tendency causes the OOT to shift towards larger
A-block volume fractions. On the other hand, the effect of conformational asymmetry on the
ODT is much smaller. For example, disorder from spherical structure formed by A block

requires a thermal energy applied on the blocks forming the spheres which is approximately
equal to the value of yN ¢, , therefore independent from the statistical segment lengths a,s and

ag. The ODT is relatively unaffected by the conformational asymmetry. Apart from the
differences on the phase state, conformational asymmetry strongly affects the relative domain
spacing between structures along their boundaries. This is expected to affect the kinetics of

the respective order - order transitions.
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3.1.6 Phase Diagram of PI-b-PS Diblock Copolymers

The most investigated system in bulk for diblock copolymers is the poly(isoprene)-b-
polystyrene (Pl-b-PS), where sixteen (16) samples were prepared and examined.**° For the PI-
b-PS phase diagram (Figure 3.7) the morphologies that were observed are:

v Spheres of the minority component arranged in a body centered cubic (BCC)

lattice in a matrix of the majority component ( Im3m ).

v Hexagonally packed cylinders of the minority component in a matrix of the
majority component (HEX).

v Double gyroid, where two independently interpenetrating and not interconnected

bicontinuous networks of the minority component are formed in a matrix of the

majority component ( lad ).
v Hexagonally perforated layers (HPL).
v" Alternating lamellae of the two components (LAM).
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Figure 3.7: Phase diagram of yN vs fp indicating the equillibrium morphologies experimentally
observed for linear diblock copolymers of the PI-b-PS type. The dashed line gives the spinodal line
from Leibler’s MFT predictions, where fm=volume fraction of poly(isoprene).™*
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As it can be observed, the phase diagram is asymmetric around ¢ = 1/2. Furthermore,

the gyroid phase is stabilized for a narrow range of compositions, from 0.27 to 0.34 and from
0.64 to 0.69 respectively indicating the stability of the specific phase even when the matrix

becomes the channels and vice-versa which is considered of major importance.

3.2 Microphase Separation of Non-Linear Block Copolymers
3.2.1 General Information

Miscellaneous architectures of block copolymers, except from the linear ones, have
been explored, due to the expectation of different morphologies and/or physical properties
induced by different molecular architectures such as: miktoarm star, star-shaped, graft
copolymers etc.'** These complex architectures of block copolymers have shown enhanced
mechanical and viscoelastic properties and can be used at least as compatibilizers in polymer
blends.™

By chemically joining two homopolymers in order to form a diblock copolymer,
increases the compatibility, which is reflected in the reduction of the critical temperature for
phase separation when compared to the homopolymer blend. Compatibility can be further
increased by changing the molecular architecture. For this purpose, triblock, star, graft and
miktoarm star copolymers have been synthesized and theoretical'™*™® as well as
experimental® " efforts revealed that in general:

(Ve blend < (XNDoor, dibtock < ((NopT, gratt < (¥N)oor, triblock < (¢Ne)ooT, star

where (yN;). or opr is the critical value of yN; corresponding to the stability of the disordered
state (N is the total degree of polymerization). This means that a melt of a triblock or a star
copolymer will remain in the homogeneous (disordered) phase for temperatures where a melt

of linear diblock copolymer is already microphase separated.

3.2.2 Microphase Separation of Miktoarm Star Copolymers
3.2.2.1 Theory Background

Olvera de la Cruz and Sanchez' were the first researchers to report theoretical
calculations concerning the phase stability of graft and miktoarm star copolymers of the A,B,
type with equal numbers of A and B branches. They predicted that a simple graft has no
critical point for any volume fraction ¢ . Irrespective of the position of the branch point, the
minimum value of the spinodal appears at a volume fraction equal to: ¢ = 0.5. For the case of

an A,B miktoarm star it is concluded that ODT occurs when yN =13.5 and ¢ = 0.5. Therefore,

it is more difficult for the chains to phase separate in such architecture when compared to the

simpler case of linear block copolymers. Miktoarm star copolymers of the A.B, type are
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predicted to have critical point (yN).=10.5 (as for the diblocks when ¢ = 0.5), which signifies

that the microphase separation of nearly symmetrical miktoarm stars depends only on the
molecular weight of the associate block copolymer Nqy and not on the whole star number of
chains.

A few years later, Milner'™® concluded to a theoretical phase diagram for A.B,
miktoarm star copolymers in the strong segregation limit, in which the interface between the
two blocks is considered relatively sharp. In this study a new parameter was incorporated for
calculating the phase diagram and it was attributed as the elasticity parameter (g) (equation
3.10). The morphologies are determined by the competition between the increase of stretching
free energy as each arm stretches away from the interface and the reduction of interfacial

tension. In Figure 3.8 this phase diagram corresponding to miktoarm star copolymers for the

elasticity parameter as a function of volume fraction of B (@) is given. By increasing ¢, the

phase boundary between different microdomains is moved toward ¢ .

&= (nA/nB)(IA/IB)llz (3.10)

where n,and ng are the numbers of A and B blocks and |, | are characteristic lengths

(Kuhn lengths) of A and B respectively.
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Figure 3.8: Phase diagram in the strong segregation limit for star block copolymers with n,: A arms
and ng: B arms as a function of the volume fraction for B domains.**®

Floudas et al."* predicted the microphase separation for diblock and AB, miktoarm
star copolymer based on mean field theory (as Liebler did in his initial studies at the weak

segregation regime). Spinodal curves were calculated for the AB,, miktoarm star copolymers
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with n up to 100 [Figure 3.9(a)]. Microphase separation of AB, miktoarm star copolymers
becomes more difficult when compared with linear block copolymers, due to the critical value
of yN; (N; = Na + nNg) being higher for the AB, complex architecture [Figure 3.9(b)]. In
addition, the spinodal curves are asymmetric when plotted for f, due to the asymmetry of
miktoarm star copolymers. Interestingly, the maximum critical value of yN; in AB, miktoarm
star copolymers appeared when n was equal to 3, attributed possibly to the balance between
the stretching free energies of A and B arms. The theoretical predictions on phase boundaries
are consistent with experimentally results by small angle X-ray scattering (SAXS)
measurements for relative AB; miktoarm star copolymers of the PS(PI); type.

f ' 100 101 102

Figure 3.9: (a) Comparison of the spinodal curves yNy(fy) for diblock and different AB,, miktoarm
copolymers with n = 2, 3, and 4. The experimental results from an AB, and two AB; miktoarm stars are
shown simultaneously with the investigated temperature range (vertical lines). (b) Critical values of
xN; plotted as a function of the number of arms of the B blocks. The dependence of the optimal
composition corresponding to the minima of the spinodal curves is also shown.'?

Grason and Kamien'** reported the phase behavior of AB, miktoarm star copolymers
in SSL, using a self-cosnsistent field theory (SCFT) approach. All phase diagrams were not
symmetric, which means that the shape of the interfaces is curved toward the A block due to
the asymmetry of the non-linear architecture. They also found that the interface between two
blocks is highly distorted when the number of B arms is higher than 3. As a result, increasing
the number of B arms enhances the stability of A15 phase (sphere-like micelles) which is not
observed for linear diblock copolymers.

Recently, Matsen'® calculated equilibrium phase diagrams for a selection of two
component block copolymer architectures (comb and star-like) using as well SCFT. He
reported that the topology of the phase diagrams is relatively unaffected by differences in
architecture, but the phase boundaries shift significantly due to composition. Although the
complex phase windows continue to be dominated by the gyroid (G) phase, the regions of the

126,127

newly discovered Fddd (O™, orthorhombic and single-network structure) phase become
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considerably evident for certain architectures, the comb copolymer exhibits a stable region for
A15 spheres (Sais) in the same vicinity that Grason and Kamien'® have predicted for AB,
stars (as mentioned above) and the perforated-lamellar (PL) phase becomes stable when the

complex phase shifts toward high compositional asymmetry (Figure 3.10).
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Figure 3.10: Theoretical phase diagram of AB, miktoarm star copolymer. PL, Fddd are additionally
shown.'®
3.2.2.2 Experimental Results

In the first microphase separation study of A,B miktoarm stars**® where A and B are
PS or PI respectively, by Hadjichristidis and collaborators, a PS(PI), sample with 37 vol.% PS
was found, by transmission electron microscopy (TEM) studies, to microphase separate
exhibiting PS cylinders in the Pl matrix in contrast to an alternating lamellae structure
expected for a linear diblock copolymer with the same volume fraction. Subsequently, more

Studie595,122,129

with a larger number of samples and covering a wider range of compositions
showed that differences exist in the phase diagram for miktoarm star copolymers in
comparison to what is predicted and expected for linear diblock copolymers. The boundaries
of the morphologies usually expected in diblock copolymers (as mentioned previously in the
discussion for the strong segregation limit) are shifted towards higher compositions of B in
the A,B complex architecture. At constant composition the miktoarm star copolymer adopts a
highly curved topology, when compared with the relative diblock attributed to the
overcrowding of the A chains and overstretching of the B component in the miktoarm star
A,B architecture.

Analogous shifts were also observed in the case of A;B (A:Pl and B:PS) miktoarm
stars.” These findings are in qualitative agreement with the theoretical predictions made by
Milner'®®, which were made just after the first experimental findings.*”® However, some
discrepancies in terms of the exact location of the morphology boundaries do exist between

theoretical predictions and experimental results. For example a 1,S sample with 53 vol.% PS
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formed experimentally a tricontinuous double gyroid structure with networks of Pl in a PS
matrix whereas an alternating lamellae structure was expected from the theoretical predictions
(Figure 3.11). Another I,S sample with high PS content, (81% by vol.), exhibited microphase
separation without long range order. This randomly oriented wormlike morphology of PlI
“cylindrical” micelles in a matrix of PS, was concluded to be an equilibrium structure by

employing selective solvent casting and annealing experiments.
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Figure 3.11: Brlght field TEM mlcrograph of IZS miktoarm star with 53 vol.% PS exhibiting a
tricontinuous double gyroid morphology with Pl networks(black) in PS matrix (white). The
differentiation between the blocks is evident due to staining/cross-linking of the Pl domains with
vapors of 0sO, aqueous solution.”

Furthermore, the experimentally determined phase diagram for the 1S miktoarm
stars did not show any spherical morphology for high PS content up to 92%. The micrographs
of a 13S sample with 39 vol.% PS had the structure of PS cylinders instead of spheres as
theoretically predicted, whereas a sample with 86 vol.% PS exhibited Pl cylinders instead of
alternating lamellae and finally a sample having 92 vol.% in PS showed disordered PI
cylinders in a PS matrix instead of Pl bcc spheres in a PS matrix as expected theoretically. It
is obvious that as the number of arms in A,B type samples increases significant discrepancies

between the theoretical expectations and experimental results are more prominent.

3.3 Microphase Separation of Polydienes
In general, the possible combinations of microstructures for PB and PI in a diblock
copolymer sequence are significant and are given below:
» PBy4/Pli,
» PBy,/Pli,
» PB;,/Pl34 (high content in 3,4-)
» PBj4/Pl34 (high content in 3,4-)
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For diblock copolymers or triblock terpolymers, the type and relative amount of the
specific stereoisomers should always be considered since local structure influences the
segment-segment interaction parameter. The possible segment microstructures for PB are 1,4-
cis, 1,4-trans and 1,2-, while for PI they are: 1,4-cis, 1,4-trans, 3,4- and 1,2-, respectively.
When the 3,4-microstructure of Pl is significantly increased (~55-60%), then the 1,2-
microstructure is increased as well (15-25%).

The first three combinations of polydiene pairs given above have been explored and
the interaction parameters were found sufficiently small such that either copolymers or even
blends of the polydiene pairs form mixed homogeneous phases for typical molecular weights.
The segment-segment interaction parameter of diblock copolymers of predominantly 1,4-PB
and predominantly cis-1,4 Pl with either or both of the corresponding linear homopolymers
has been studied.”® Cohen and Wilfong™*" calculated y for different diene pairs, obtaining
room temperature values of 0.081 and 0.048 for 1,4-P1/1,4-PB and 1,4P1/1,2-PB, respectively.

The synthesis and morphological characterization of a terpolymer containing PB and
Pl have been reported for the first time by Neumann et al."*?*** The results of this study
showed that the triblock material behaved essentially as a pseudo-diblock copolymer since it
consisted of a mixed 1,4-P1/1,2-PB block segregated by a PS block.

Avgeropoulos et al.'’

reported for the first time the anionically synthesized and
morphological characterization of ABC terpolymers with two polydiene blocks and PS with
the difference being in the 3,4-microstructure content of the Pl (~55% 3,4-content) whereas
the PB block was the usual one with high 1,4-microstructure (~92%). A three-component
microphase separated system occurred, leading to the conclusion that the 1,4-PB/3,4-Pl
polydiene combination has a larger y interaction parameter than the other three possible
combinations. The morphological characterization of the samples was performed through
transmission electron microscopy (TEM) (Figure 3.12) and small angle X-ray scattering
(SAXS). What is of major importance in this study is that by altering the block sequence from
BSI to SBI but keeping the volume fraction ratio constant, they obtained that morphology
remained the same, leading to the conclusion that the adopted topologies were equilibrium
structures (since the block sequence did not alter the morphology as already reported in SIV

vs. ISV by Thomas and Mogi respectively)."****
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Figure 3.12: a) Bright field TEM image of the three-phase four-layer lamellae of the BSI-25/28/32, b)
bright field TEM image of the three-phase four-layer of the SBI1-45/48/40, c) bright field TEM image of
the BSI-37/80/32 sample, showing cylindrical morphology. The darkest diene phase corresponds to the

PB and the gray contrast regions correspond to the PI.%

A schematic of the three-phase four-layer BSI-25/28/32

and SBI-45/48/40 lamellar

morphologies and the cylindrical structure of BSI-37/80/32 exhibiting typical chain

conformation are shown for all three samples in Figure 3.13.
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Figure 3.13: Schematics of the three-phase four-layer lamellar and cylindrical morphologies of BSI

and SBI samples as reported in the literature."”
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1% showed the coexistence

Additionally, a very recent study by Avgeropoulos’ group
of core-shell double gyroid and three-phase four-layer lamellar morphologies for similar SBI
triblock terpolymers (S: PS, B: PB4 and I: Pls ), as verified by TEM. SAXS results led to the
conclusion that the 3-phase 4-layer lamellae is most predominant despite the relatively long
range order and the observations of both structures by bright field TEM images (Figure 3.14).
Diblock copolymers of the PB-b-Pl;, type were also synthesized in order to verify the
microphase separation and immiscibility of these two polydienes in lower and very high

molecular weights.

g
Figure 3.14: Bright field TEM images exhibiting grains with coexistence of a 2-fold projection for a
core-shell double gyroid with three-phase four-layer lamellae domains where PS is the core, PB is

surrounding the core of the networks and PI is the matrix.**

3.4 Polymer Rheology
3.4.1 Introduction

Rheology is defined as the science of flow and deformations of materials resulting
from an applied stress.”*” The foundations of rheology are associated with the terms of
elasticity and viscosity. Polymers exhibit non-Newtonian behavior in the melt state, which is
attributed to both elastic effects and shear-rate-dependent viscosity leading to time and rate
effects during polymer processing. Elastomers are materials which are capable of undergoing
large reversible extensions and compressions. As already mentioned in Chapter 1 of this
thesis, elastomers are a category of polymers with viscoelasticity (having both viscosity and
elasticity) and very weak inter-molecular interactions, which exhibit low Young's modulus

and high failure strain when compared with other materials.
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Long chain branching (LCB) is a very important feature in polymer science, due to its
influence on the rheological properties of polymers. For polymer melts used in commercial
applications, large differences in the processability and rheological behavior have been

noticed between LCB polymers and linear ones.

3.4.2 Basic Concepts
3.4.2.1 Viscoelasticity

An introduction to viscoelasticity is given by Larson*® and Rohn'*, where the
origins of viscoelastic behavior are derived from Hooke's and Newton's Laws. The spring and

| 140

dashpot model™ combines the solid and liquid behavior from the two classic models into a

system that exhibits solid and liquid like behavior. In simple deformations, the shear stress,
o (N/m?), is given by the shear force applied to the sample per unit area of the surface as

shown in the following equation:
F
o=— 3.11
A (3.11)

Deformation of a solid is measured by the shear strain, » and the deformation rate is specified

by the shear rate derivative with respect to time, 7. The shear viscosity may then be defined
as:

n=2" (312
y

Hooke’s Law accurately describes behavior of solids, where the tensile stress in extension is

directly proportional to the strain and for simple cases shear can be derived from the equation:
o=G-y (3.13)
where G is the shear modulus. For fluids, Newton’s Law of viscosity accurately predicts that

the force is directly proportional to the rate of strain:
ot)=n-y7(t) (3.14)
In viscoelastic materials the loading time of the substance is critical, the material behaves as a

solid for rapid loading and as a liquid for slow loading. For a solid obeying Hooke’s law,

when shear strain y, is applied, the stress would be constant. For a liquid, the stress would be

zero since the strain rate is zero. Viscoelastic materials would show a stress value that

decreases with time until it reaches equilibrium. A small strain applied to the material may

result in a linear response, called the shear stress relaxation modulus G(t) which is calculated

by the equation

oy =20 315

Yo
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When the strain and strain rates are small enough, so that the molecules are not disturbed far
away from their equilibrium state, the relaxation modulus is independent from the specific

strain or strain rate. This behavior is called linear viscoelasticity.

3.4.2.2 Storage and Loss Moduli

Small amplitude oscillatory shear (SAQS) is a method for determining the dynamics
of viscoelastic systems.™®®*** The in-phase and the out-of-phase components of the shear
stress are measured as a function of frequency, @ (rad s™) as described in the following

equation:

y(t) =y, sinot = o®) =G'(w)sinawt+G"(w)coswt  (3.16)
Yo
where G’ expresses the dynamic storage modulus and G” the dynamic loss modulus, 7, is

the strain amplitude and is normally kept low (< 1) to ensure that linear response for the
material is achieved, leading therefore to valid relaxation times being recorded in equilibrium.
The response is of a sinusoidal nature due to the origin of the applied stress. The storage
modulus represents the storage of elastic energy, while the loss term comes from the loss of
the energy due to the viscosity of the material. The ratio of the loss to the storage modulus (

G"/G') is called the loss tangent (tan ) and is high (>1) for liquid like materials and low (<

1) for solid like materials. Figure 3.15 shows the G"and G” mastercurve for a polymer melt

dynamic experiment.
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Figure 3.15: Small amplitude oscillatory shear measurements of a high molecular weight polymer
melt.*®

The lower frequencies shown in Figure 3.15, in which G" is larger thanG', indicate

where the viscous (liquid-like) properties of the melt are observed. Increasing the frequency
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causes G” and G’ to cross and the response from the material enters the plateau region. The
plateau region is where factors such as chain entanglements and other complex mechanisms
occur, where G’ is larger thanG" . At higher frequencies G” crosses G’ as the diagram
enters the transition zone, where the response to the strain from the solid glassy like is
observed. In the plateau region where the liquid like behavior becomes more solid like in

appearance (viscoelastic region), the moduli crossover can be used as a reference point. This

happens since @, corresponds to the value of the inverse of characteristic relaxation time z ,

hence 7~am, ', which can be a useful guide for material properties. At the G'=G"

crossover the characteristic modulus G may be defined, as the modulus at the crossover point.
The zero shear viscosity can then be estimated from the data, by multiplying the relaxation
time z , and the characteristic modulus G through the following equation

7, ~Gr  (3.17)

3.4.2.3 Non-Linear Viscoelasticity

The above concepts correspond in the case for the behavior of fluids in the linear
regime, where small and slow deformations allow the material to return back to its
equilibrium state. However, this is not the case when dealing with large deformations, where
the chains are displaced significantly from their equilibrium conformations. Furthermore, the
relaxation modulus G(t) is no longer independent of the strain since the following equation

is now prominent:

ot,y)=y-Glt,y) (3.18)
However, for many polymeric liquids, stress relaxation following a sudden imposition of
shear is depending on strain-dependent and time-dependent functions as it is evident in

equation 3.19:
o(t,y)=7-h()G({) (319
where h(y) is known as the dumping function. This is not normally observed at all times

following step strain.'*!

3.4.3 Rheology of Linear and Branched Polymers

Rheological behavior of polymeric materials is an important aspect of physical
properties. The most well-known theoretical report in the past three decades is the reptation-
tube theory by de Gennes-Doi-Edwards™* for polymer dynamics and rheology.***** It is the
first molecular theory that can be used to evaluate most dynamical properties of entangled
linear polymers including nonlinear behavior. On the contrary, it has not provided any reliable

predictions concerning the nonlinear responses of linear polymers to sudden external
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deformation. Very recently studies by Wang’s group have settled serious questions on the
reptation-tube model, concerning whether the discovered shear inhomogeneity during start-up

Shearl45—l47

is a steady-state property of entangled polymers under fast shear.

A lot of research groups have been looking continuously for new ways to improve the
various properties of different polymers. Long chain branching (LCB) is the most important
parameter to control the dynamic behavior of a polymer without significant changes in
specific characteristics such as the glass transition temperature, crystallization temperature
and other thermodynamic properties including its compatibility with other polymers. Anionic
polymerization methods have allowed rubber polymers such as poly(butadienes) and styrene-
butadiene copolymers to be synthesized with controlled chain architectures,'®6%148

The best known polymer containing LCB is low density polyethylene (LDPE) whose
dynamic properties have been extensively studied in the literature.****** Due to the significant
amount of LCB in LDPE, better resistance to localized yielding in uniaxial extension is
evident in LDPE when compared to high density PE (HDPE) whereas the shear deformation
behavior is plagued with the potential complication of interfacial failure. Comparing to
HDPE, LDPE can be stretched to a thinner dimension, which causes the true stress (i.e., the
tensile force divided by the shrinking cross-sectional area) to rise with increasing extension
even after yielding has occurred. The transient viscosity rises above the values reported in the
zero-rate limit. Many scientists involved with rheology characterized this behavior "strain
hardening" and believed that the observed difference between shear and extensional
behaviors, i.e. "softening shear yet hardening in extension", is rooted in the presence of LCB
in LDPE.**

McLeish studied****® linear and some nonlinear dynamic properties of model LCB
polymers such as H-shaped architectures. The main constraint on the flow of the molecule is
the branch points between the polymer chains, which may in some cases be considered as two
3 armed stars, for which the flow properties are relatively well understood. The model is
mainly based on Rouse type theories with additional constraints, notably however that
reptation is not the main relaxation process due to the linking of the polymer branch points
and the constraints on the entanglements. Frequency-dependent rheological data on a series of
poly(isoprene) H-polymers are in good agreement with the tube model theory that combines
path-length fluctuation (like that of star polymer melts) at high frequency, with reptation of
the self-entangled “cross-bars” at low frequencies (like that of linear polymer melts) (Figure

3.16).
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Figure 3.16: Schematic presentation of the processes of a) reptation, b) arm retraction via fluctuations
for stress relaxation in linear and branched polymers, respectively and c) retraction of chain in an
extending tube in a nonlinear flow.™®

Extensive observations of strain localization upon startup or after stepwise shear and
a conceptual framework for nonlinear rheology of entangled polymers appears to have
emerged leading to the discovery of new considerations, which were not previously predicted
by the standard tube model.” Therefore, the field of nonlinear rheology of entangled

polymers is a crucial area in which further experimental and theoretical studies are needed.
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CHAPTER 4

Experimental Section

For this thesis a series of linear homopolymers of PI-3,4 (55-65% of -3,4
microstructure) or Pl;, with low and high molecular weights, non-linear H-type Pls,
homopolymers, linear diblock copolymers of the PB-b-Pl;,4 type [PB: poly(butadiene) with
~90-92% -1,4] and asymmetric star polymers of PB(Pls4), and PB(Pls4)s types were
synthesized. In order to achieve well-defined homopolymers and copolymers with narrow
molecular weight distributions it was necessary to adopt anionic polymerization, high vacuum
techniques, well-known purifying procedures for all reagents and solvents as well as

chlorosilane chemistry.?2#

4.1 High Vacuum Technique

High vacuum technique is very important and plays a significant role for the
successful synthesis of all homo- and co-polymers prepared in this thesis and is used in order
to remove impurities such as oxygen, carbon dioxide and moisture from all reagents involved
in the polymerization process. These impurities, during the polymerization, can react rapidly
with the initiator or the living anionic sites, according to the following reactions (Figure 4.1),

leading to undesirable termination or/and transfer reactions.

sec— BuLi +1/20, ——sec— OBuLi
2sec—BuLi +CO, ——sec— Bu,C(OLi),
sec— BuLi+CO——sec— BuCOLi
sec— BuLi+ H,0 ——>sec—- BuH + LiOH

oo OLE 41,0, — e A~ AN OLI
20 AL +COo, —— (Vv ),C(OL),

v UL +4H,0 ——— = A H + LIOH
Figure 4.1: Termination reactions of the initiator sec-BuLi and the living macroanions with O,, CO,
and H,0.

High vacuum is accomplished through a high vacuum line which is constructed from
Pyrex glass and mounted onto a stainless steel frame (Figure 4.2). The main parts of a high
vacuum line are: the oil pump (A), the mercury diffusion pump (B), the liquid nitrogen trap
(C), the upper (D) and lower (E) glass tube rigs and the stopcocks. The length of a high
vacuum line is approximately 2.0-2.5 meters, since it is difficult to work if the vacuum ports
are spaced more than 30 cm apart especially when dealing with non-volatile reagents and

distillation from one port to another is difficult or even impossible.
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Heating manile

Figure 4.2: Schematic presentation of a high vacuum line.

The oil pump is used in order to reduce the pressure in the system at approximately
10 mm Hg, where the mercury inside the diffusion pump starts to evaporate by heating
through a heating mantle. After mercury distillation is achieved the mercury diffusion pump
can bring the pressure to a value of approximately 10°® mm Hg. The operation of the diffusion
pump is based on the diffusion of mercury vapors through a very narrow section (Figure 4.3)
which creates an increase in the speed of mercury molecules and therefore sub-pressure
according to Bernoulli’s law, leading to high vacuum (~10° mm Hg). During the contact of
mercury with the condenser walls, it condenses and returns back in the heated part of the
diffusion pump where the procedure is repeated. A liquid nitrogen trap is used to condense
any volatile compounds incorporated in the system and in order to protect the oil and the
diffusion pump from contamination. The diffusion pump is connected through glass tubes
(Pyrex) with the main part of the high vacuum line. The upper rig is separated from the lower
one by high vacuum Teflon stopcocks and is used to connect the parts of the lower rig to the
vacuum separately. By this way it is possible to use the parts of the lower rig to perform
different procedures (e.g. distillations, degassing) at the same time. The high vacuum
stopcocks are constructed by a Pyrex glass frame and a Teflon piston. Reactors and other
glass apparatuses are attached to the vacuum line through the lower rig via high vacuum ‘o’
ring stopcocks and ground joints. The use of high vacuum grease is necessary in order to
avoid friction between ground joints and apparatuses, since both are constructed from Pyrex
glass and to make use of vacuum seal joints to all the flasks and apparatuses that are attached
to the vacuum line without any introduction of environmental impurities.

A Tesla coil is a very useful and convenient tool, in order to check the level of the
vacuum in the vacuum line and verify the absence of any pinholes in any apparatus used for
purification and/or polymerization. When the vacuum line is properly evacuated, the sound of
the Tesla coil becomes silent when it is attached next to the glass. In contrast, the Tesla coil is

very noisy when pinholes are evident in an apparatus or volatile compounds are still present
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in the vacuum line. The noise is gradually confined after a few minutes indicating high

vacuum in the line and the apparatus involved during degassing.

| |=
=

constriction

Figure 4.3: Schematic of a diffusion pump. The liquid indicated in the flask with dark grey color
corresponds to the mercury.

The most commonly used fluids inside the diffusion pump are silicone oil and
mercury (Hg). In our case mercury diffusion pumps were used due to Hg properties, therefore
a stream of its vapor has a large momentum which is desirable in such an application for
creating high vacuum conditions, however, as it is well known, Hg is extremely dangerous
and hazardous. Silicone-oil diffusion pumps are as well affective and can be considered less
unsafe. Furthermore, turbo molecular pumps are also used instead of a combination of oil and
diffusion pumps, but they are easily contaminated with volatile reagents (solvents, monomers,
chlorosilanes) which are commonly used in anionic polymerization, leading to fast and cost-
effective damage of such pumps since they are more expensive when compared to the
diffusion pumps.

It is important to mention that the vacuum line must be kept clean from any reagent
otherwise in most cases its efficiency is compromised. The oil in the mechanical pump should
be often changed and some parts of the lower rigs on the vacuum line should be replaced or
cut-off when contaminated and should be cleaned with solvents and/or hydrofluoric acid 1M.
In order to avoid contamination of various vacuum line parts it is suggested to use short-path
distillation apparatuses which are constructed by glass blowing of Pyrex glass flasks and
tubes. Finally, special safety precautions must be taken into account while working on the
high vacuum line (safety glasses, lab robe, working together with other people familiar with
the vacuum line functionality), as well as great care must be given during its use when
specific reactions are taking place involving hazardous, flammable and volatile reagents.

All polymerization reactors, dilution apparatuses and ampules are constructed from
Pyrex glass flasks and tubes, so it is necessary and important to know glass-blowing. In
addition to outstanding resistance in heat and thermal shocks, Pyrex glasses are known for

their chemical durability and low coefficients of thermal expansion.*® Scientific glassblowing
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is one of the most basic skills that a scientist has to develop in order to respond efficiently to
anionic polymerization requirements. For the introduction of reagents under vacuum
conditions into the main reactor, break-seals are used. They are constructed with a thin glass
tip, which is easily ruptured with a cylindrical magnet encapsulated in a Pyrex glass tube
(Figure 4.4 left). In order to remove an apparatus or an ampule from the vacuum line,

constrictions are used, which are heat sealed by a torch (Figure 4.4 right).

Constriction

TR

i

'\-_JJ Break-Seal

Figure 4.4: Schematic representation of breaker with break-seal (left) and a constriction prior the heat
sealing (right).

4.2 Solvent Purification
Benzene, Ben (CgHe)

Commercially available benzene is usually free of thiophenes and substituted phenyl-
derivatives such as toluene and vinyl compounds. Nevertheless, if some of the above exist in
benzene as purchased, then it is necessary to purify it by stirring over concentrated sulfuric
acid (H,SO,4) for a week in a conical flask inside a hood and then washed with an aqueous
solution of NaOH. Furthermore, a round bottom flask which contains the appropriate amount
of benzene, finely grounded calcium hydride (CaH,) and a magnetic stirrer is attached to the
vacuum line where it is degassed in order to remove CO, CO, and O, and left under stirring
overnight. Calcium hydride is the most commonly used drying agent since it reacts
sufficiently with moisture (Figure 4.5). The next day, the solvent is degassed for at least two
times and it is distilled in a calibrated cylinder containing n-BuLi and styrene in

approximately 7:1 ratio, which simultaneously react under vacuum creating PSOLi® living
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ends. PSOLiI™ gives to benzene a characteristic orange-red color which is a purity indication
for the solvent (Figure 4.6). Various quantities of the purified benzene are distilled into the
polymerization reactor or initiator dilution apparatus or even into other type of apparatuses

when necessary.

CaHz + H20 T Ca(OH)2 +H2

Figure 4.5: Reaction of CaH, with moisture.

Figure 4.6: Picture of a cylinder with (polystyryl)lithium living ends in benzene attached to the vacuum
line, indicating the high purity of the solvent due to the orange-red color observed.

Tetrahydrofuran, THF (C4HsgO)

A more complex procedure from that used for benzene is followed for the purification
of tetrahydrofuran. Initially, the solvent is left under reflux for at least three hours in the
presence of Na small pieces and then it is collected in a round flask which contains finely
grounded calcium hydride (CaH,). The flask is attached to the vacuum line where is degassed
and left under stirring overnight. The next day, THF is degassed at least three times, distilled
to a flask containing sodium/potassium (Na/K) reactive alloy in a 1:3 ratio and stirred rapidly.
The formation of a bright blue color is the indication of the solvent’s purity (Figure 4.7), due
to the free movement of electrons between potassium, leading to the conclusion that major

unwanted impurities have been eliminated.

ok —THF _ k*+ K~
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- S
Figure 4.7: Picture of the flask with THF in Na/K alloy attached on the vacuum line. The observation
of blue color indicates high purity for the specific solvent.

Methanol, MeOH (CH30H)
——OH
Methanol is transferred in a round bottom flask containing fresh finely grounded
CaH,, attached in the vacuum line, degassed and left under stirring overnight, for reaction of
moisture with CaH,. The following day is degassed again 3-4 times and distilled in small
quantities (~ 1mL) into the necessary ampoules (Figure 4.8).

.

Figure 4.8: Apparatus for the distillation of purified methanol into ampoules.

Methanol is used as a termination reagent for anionic polymerization due to the following

reaction (Figure 4.9):

Li* + CHOH —» H + LiOCH;

Figure 4.9: Termination reaction of macroanions with methanol.
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4.3 Monomer Purification
Isoprene (2-Methyl-1,3-Butadiene), Is (CsHs)

\

Initially, proper amount of as commercially received isoprene (or 2-methyl-1,3-
butadiene) is transferred in a round bottom flask containing fresh finely grounded CaH,,
attached on the vacuum line, degassed and left under stirring, for the reaction of even traces
of moisture with CaH,, overnight. The next day, isoprene is degassed twice and distilled into a
new flask which contains proper amount of n-butyl lithium (n-BuL.i) in hexane (commercially
available) and is left under stirring for approximately thirty minutes (30°) at ~ 0°C. n-BuLi is
an initiator for isoprene at room temperature, so it is necessary to lower the temperature to
0°C, in order to prevent the polymerization of the monomer and was left to react with
impurities. This procedure is repeated again in a new flask and then pure isoprene is distilled
in pre-calibrated ampoules equipped with break-seals. It should be noted that between the
distillations of isoprene in the flasks which contained n-BuLi, several degasses took place.
Afterwards, the ampoules with the purified isoprene are stored at -20°C and it must be used

for polymerization within one month.

1,3-Butadiene, Bd (C4He)
\/\

For the purification of 1,3-butadiene, n-BuLi is also used for the removal of
impurities as already reported for Is. Initially, a stainless steel cylinder containing 1,3-
butadiene, which is a gas at room temperature (b.p.: -4°C), is attached to the vacuum line and
then the desirable quantity of the monomer is condensed in a pre-calibrated cylinder that
contains n-BuLi at -78°C [Figure 4.10, (A)], using a liquid nitrogen/isopropanol bath. The
monomer is stirred for 30" at -10°C (ice/salt bath) and then is distilled into another flask
[Figure 4.10, (B)], which also contains n-BuLi and again is left under stirring for 30". Finally,
the pure monomer is distilled in a calibrated ampule, already attached on the polymerization
apparatus. Polymerization of 1,3-butadiene must be performed immediately after the

apparatus is sealed off from the vacuum line.
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To the high vacuum -

(A)

g Stainless steel
cylinder containing butadiene

Figure 4.10: Purification procedure of 1,3-butadiene and distillation to the ampule prior to
polymerization.

Styrene, St (CgHg)

Proper amount of styrene as commercially received is transferred in a round bottom
flask containing fresh finely grounded CaH,, which is attached on the vacuum line through a
short path distillation apparatus [Figure 4.11, (A)]. It is degassed once and stirred overnight in
order for the CaH, to react with any traces of moisture. Then it is degassed again twice and
distilled in a new round bottom flask containing an appropriate amount of dibutylmagnesium
(Bu,Mg) in heptane ([monomer]/[Bu,Mg] = 25/1) which has been introduced via a pyrex
attachment through an elastic septum. Styrene is left to react with Bu,Mg for at least 3 hours
over stirring at low temperature (0°C-10°C), it is degassed once more and it is finally distilled
in calibrated ampoules [Figure 4.11, (B)] and is kept at -20°C. The compound Bu,Mg for the

final purification step is preferred due to its higher solubility in hydrocarbon solvents. It is
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also important to mention that styrene should not remain in the Bu,Mg solution more than 3
hours, since the specific purifying reagent is an organometallic compound and initiates the
polymerization of styrene (low initiation rate and decreases further at temperatures below
ambient conditions).

i To the permanent port of the high
/ vacuum line

Suitable flasks and simple freeze
apparatus may be attached here (B)

(A)
Figure 4.11: (A): Short-path apparatus used for the purification of styrene® and (B): apparatus of
calibrated ampules for distillation of purified styrene.
Preparation of St End-Capping Solution

Styrene was used as a coupling agent (St end-capping) of living PBOLI®™, prior to the
reaction with the suitable chlorosilane, as it will be described below. For the preparation of St
end-capping solution, an ampule of purified styrene is attached on an apparatus with
calibrated ampules and after high vacuum is achieved, a proper amount of benzene is
distilled. The mixture is degassed and the apparatus is heat-sealed from the vacuum line.
Afterwards, the break-seal of the styrene ampule is ruptured and mixed with the benzene in
order to create a homogeneous solution of styrene exhibiting very low concentration in order

to be used for end-capping of the PBPLi™ and control the coupling reactions accordingly.

4.4 Dilution of the Initiator sec-Butyllithium (sec-BuL.i)

For the synthesis of the homopolymers, linear diblock copolymers and the initial
precursors for star copolymers, sec-BuL.i is used as the initiator of the polymerization. This
organometallic compound is very reactive, especially with air components such as CO,, O,
and H,0O as it was indicated with specific reaction in a prior section of this chapter. These
undesirable reagents can lead to deactivation of the initiator, and therefore, uncontrolled
polymerization might take place leading to non-model polymers, as well as to increased
molecular weights and molecular weight distributions. The initiator sec-BuLi, as
commercially received, is in high concentration (1.4M in hexane or cyclohexane solution) and
a dilute solution is needed in order to be used sufficiently for the required experiments. The
dilution of the initiator is accomplished in a suitable apparatus with pre-calibrated ampules as

shown in Figure 4.12.
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Figure 4.12: Schematic of the apparatus used for the dilution of sec-BuLi with benzene. The same
apparatus is also used for St end-capping.

Initially, the apparatus is connected through a ground joint to the vacuum line in order
to achieve high vacuum. An amount of sec-BuL.i (1.4M) is injected into the apparatus through
a proper elastic septum and the hexane of the solution is removed. Then, the appropriate
amount of benzene is distilled, the mixture is degassed and the apparatus is removed from the
vacuum line through sealing-off the appropriate constriction. The amount of benzene needed

for the desirable concentration is calculated through the following equation:
CV,=CV, @y

where C, is the initial concentration of sec-BuLi (usually 1.4M), V, the initial volume in mL

of sec-BuLi injected in the apparatus, C, the final concentration needed and V, the

appropriate volume in mL of benzene in order to achieve the desired concentration.

The procedure that was described above refers to dilute solutions of initiator sec-BuL.i
with concentrations approximately equal or higher to 0.1 mol/L (0.1 mmol/mL). If the desired
concentration of the initiator is lower, in order to synthesize polymers with high molecular
weights, then a different and more complicated procedure should be followed.

Initially, an apparatus, as exhibited in Figure 4.13 must be constructed through
scientific glass blowing, where A corresponds to the ampule of the concentrated sec-BuL.i
solution. The apparatus is connected to the vacuum line through ground joint B. Degassing is
carried out until high vacuum is achieved and afterwards a small amount of the purging agent
(2-3 mL), namely n-BuLi solution in 1.6 M in hexane, is introduced through the elastic
septum C, by a glass syringe. After the removal of hexane (solvent of the n-BuL.i solution) the
constriction D is heat-sealed and the required amount of benzene is distilled through the
vacuum line into flask E, followed by degassing of the solution by freeze drying with liquid
nitrogen and the reactor is heat sealed in constriction F and removed from the vacuum line.
Furthermore, the apparatus is washed with the n-BuLi solution and then it is rinsed

thoroughly, by condensing benzene through freezing with liquid N, the Pyrex parts of the
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apparatus. Finally, the benzene is distilled from flask E into the calibrated cylinder G and the
purge section is heat-sealed at constriction H. The break-seal A is ruptured and the
concentrated sec-BuL.i solution is allowed to drain into the cylinder which already contains
the additional amount of benzene. Ampule A is rinsed several times with the solution, in order
that all quantity of the initiator is transferred into the cylinder and the ampules followed by
removal from the apparatus by heat sealing constriction J. The new dilute solution of the
initiator is distributed covering all the Pyrex parts of the apparatus and it is stored at -20°C for
future use according to the experimental needs.

Figure 4.13: Apparatus for the dilution of concentrated sec-BuLi with benzene.

4.5 Purification of Linking Agents and Other Reagents
Dichlorodimethylsilane [(CH3),SiCl;] - Trichloromethylsilane (CH3)SIiCls -
Tetrachlorosilane (SiCly)

The linking agents  dichlorodimethylsilane,  trichloromethylsilane  and
tetrachlorosilane are purified by adopting exactly the same procedure since all these
chlorosilanes are volatile reagents. Initially, appropriate amount of each silane is transferred
into a round bottom flask containing fresh finely grounded CaH, and a stirrer (Teflon). Then,
it is attached on the vacuum line, degassed and left for reaction of moisture with CaH,
overnight. The next day, the round bottom flask is degassed again at least three times and a
small amount is distilled into the whole apparatus with the calibrated ampoules in order for
the corresponding silane to react with any possible impurities that may exist in the glass
ampule apparatus and to deactivate them. The remaining amount which has already reacted is
distilled in the nitrogen trap through the vacuum line. After the completion of this procedure,
the proper amount of the indicative silane is distilled into calibrated ampoules and stored at -
20°C for future use.

In the case of dichlorodimethylsilane, a dilute solution in benzene was needed in

order to be used sufficiently for the required experiments. The procedure adopted for the
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purification of the specific silane, is exactly the same as that described already for St end-

capping.

p-Chlorostyrene (CgH-ClI)
H,C=—CH

Ql

The p-chlorostyrene or 4-chlorostyrene is transferred into a round bottom flask
containing fresh finely grounded CaH,. Then, it is attached on the vacuum line, degassed and
left to react with CaH, overnight in order to remove the moisture. The following day, it is
degassed additionally 2-3 times, distilled in calibrated ampules (Figure 4.11, B) and finally

stored at -20°C until further use.

4.6 Preparation of 4-(Chlorodimethylsilyl)Styrene (CDMSS)

H,C—=CH

H,;C—Si——CHj,
Cl

CDMSS was synthesized from purified p-chlorostyrene and dichlorodimethylsilane

through a Grignard reaction (Figure 4.14), under high vacuum techniques. The magnesium

(Mg) used in the Grignard reaction was dried in a vacuum oven at 40°C for approximately

two days in order to completely remove any humidity traces prior to use. A specially designed

glass apparatus consisting of a flask, a glass filter and a condenser was used for the

preparation of the Grignard reagent (Figure 4.15).

THF Cl,Si(CH,),
CH,=CH + excessMg ——» CH;=CH ————= CH,=CH + Mg(l,
gt |
Br Br
Cl MgCl CH;—Si—CH;

|
Cl

Figure 4.14: Synthesis reaction of 4-(chlorodimethylsilyl)styrene (CDMSS) for 4-chlorostyrene and
dichlorodimethysilane through the Grignard reaction.
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glass filter

Figure 4.15: Glass apparatus for the preparation of the Grignard reagent.

After introducing magnesium turnings (0.5 g or 20 mmol) through the Pyrex glass
tube B, the tube was shut with an elastic septum, the apparatus was attached to the vacuum
line through a ground joint, evacuated and sealed-off at B. A solution of a few drops of 1,2-
dibromoethane in THF was added from the ampule D to the flask, through breakage of the
corresponding break-seal and the mixture was stirred for a few minutes in order to activate the
magnesium. Afterwards, the apparatus was evacuated and sealed-off at A. Purified p-
chlorostyrene was introduced dropwise to the flask after breaking the break-seal of ampule C,
while maintaining the reflux of THF by external heating at approximately 50°C. The p-
chlorostyrene was added in approximately 3 h and the reaction was allowed to proceed for
another 2 h. The yield of the reaction is ~ 70%, according to the literature.” The Grignard
reagent was filtered through the glass filter to ampules E and F which are equipped with
break-seals. Then, ampule E was attached to another apparatus (Figure 4.16), which was
already equipped with ampule G containing dichlorodimethylsilane (2.66 g or 21 mmol)
diluted in 10 mL of THF.

Glass stirrer

Figure 4.16: Glass apparatus for the preparation of the 4-(chlorodimethylsilyl)styrene reagent.
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After evacuating and detaching the apparatus shown in Figure 4.16 from the vacuum
line, by sealing off at constriction c, the chlorosilane solution was first introduced to the main
flask and by cooling at 0°C, the Grignard reagent was added dropwise in approximately 90
min. The quantity of dichlorodimethylsilane was quite larger than that of the Grignard reagent
(~1.5:1 ratio), in order to ensure that the yield of the reaction is high. The produced 4-
(chlorodimethylsilyl)styrene or CDMSS was transferred to another apparatus (Figure 4.17)
through ampule K, which was sealed-off from the previous apparatus. The new apparatus was
evacuated, CDMSS was purified through fractional distillation, diluted with proper amount of
benzene, leading to the desirable concentration, and stored at -20°C in ampules equipped with
break-seals. The completion of the reaction and the successful synthesis of the required
CDMSS were observed via gas chromatography-mass spectroscopy (GC-MS), where no
traces of the initial reactants were observed.

Figure 4.17: Glass apparatus for the purification of CDMSS.

4.7 Synthetic Procedures

The main scope of this thesis was to synthesize and study different architectures of
poly(isoprene) (PI) with high 3,4-content (55-65%), including linear and non-linear
homopolymers of Pls 4, diblock copolymers of the PB-b-Pl;, type [PB: poly(butadiene) with
~90-92% -1,4] and asymmetric star polymers of PB(Pls4), and PB(Pl34)3 type respectively.

Initially, synthetic procedures of linear and non-linear homopolymers of Pl;, and H-
type Pl;, will be described, using anionic polymerization techniques, 4-
(chlorodimethylsilyl)styrene (CDMSS) for the preparation of macromonomers and
appropriate combination with chlorosilane chemistry, in order to synthesize the non-linear H-
Pls4. Six (6) samples were synthesized in total: four (4) samples of linear homopolymers of
the Pl;, type and two (2) samples of the non-linear H-type Pl;, homopolymers respectively.
All samples exhibited very narrow molecular weight polydispersities (PDI < 1.10) and the
molecular characterization results through various techniques led to the conclusion that they
exhibit chemical and compositional homogeneity, therefore they can be considered model

polymers.
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Subsequently, synthetic procedures of linear diblock copolymers of the PB-b-Plz,
type and asymmetric star polymers of PB(Pl;4), and PB(Pls4)s, type will be described
through anionic polymerization techniques via sequential monomer addition (for the case of
the diblock copolymers) and combination again with chlorosilane chemistry via coupling
reactions (for the case of the miktoarm star copolymers). Thirteen (13) samples were
synthesized: five (5) samples of the PB-b-Pl;, type and eight (8) samples of miktoarm star
copolymers of PB(Pls4), and PB(Plsz4)s types (four samples per sequence) respectively. The
results from molecular characterization showed that these samples also exhibit chemical and
compositional homogeneity and can be considered as well model polymers.

4.7.1 Synthesis of Homopolymers of the Pl; 4 Type

The synthesis of linear homopolymers of poly(isoprene) with high -3,4 content (55-
65%) was accomplished by the use of anionic polymerization and high vacuum techniques.
The main scope of the synthetic route adopted, was to synthesize homopolymers of Pls 4 with
narrow molecular weight distributions, predictable molecular weights and high 3,4-
microstructure. All polymerizations were accomplished by using benzene as solvent, sec-
BuL.i as the initiator and methanol as the termination reagent. In order to obtain the high 3,4-
content in all samples, it was essential to use a small amount (~1 mL) of tetrahydrofuran
(THF), which alters the aggregation degree of Pl from 4-6 in non-polar hydrocarbon solvents
to a value of 2 in polar solvents or in their mixtures. The synthetic route that was adopted is
shown in Figure 4.18 and the apparatus for the polymerization can be observed in Figure
4.19.

CGHG

CH
I . T 1mLTHF Pl3,4 (). ()
N CH,=C-CH=CH, + sec-BuLi ————— &\~ ™ I

Linear PI,,
Homopolymer

Figure 4.18: Synthetic route for the synthesis of P13 , homopolymers.
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sec-BuLii THF

Isoprene \

(B) (D)
Figure 4.19: Pyrex glass apparatus used for the synthesis of the P13 , homopolymers.

Initially, the appropriate scientific glass blowing is performed and the ampules of the
monomer, the initiator, the small amount of THF and the termination reagent are attached on
the apparatus. Then, the apparatus is attached to the vacuum line through a ground joint C,
checked for pinholes by use of the Tesla coil and evacuated. It is very important to mention
that the flame drying technique, by a hand torch, is very useful at this point in order to
accelerate degassing and remove any moisture traces. Flame drying is repeated 2-3 times,
until no sound from the Tesla coil is ensured. After completion of the degassing, a small
amount (3-4 mL, depending on the solvent volume) of purging agent (n-BuLi in hexane) is
added via a syringe through the elastic septum D. The elastic septum is rinsed and detached
afterwards by sealing-off the constriction and the small amount of hexane is removed to the
nitrogen trap through the vacuum line. The appropriate amount of benzene (solvent) is
distilled from a purified reservoir, by using liquid nitrogen, into the spherical flask B through
the vacuum line and as soon as the mixture is degassed, it is detached from the vacuum line
by sealing off the appropriate constriction. The solution of n-BuLi and benzene is thawed and
transferred 2-3 times to all the inner glass surface of the apparatus very carefully. In this
manner, n-BuLi reacts with impurities that might exist in the apparatus and were not removed
during its purification at ambient conditions. Furthermore, the solution is collected in the
purge section flask B which is placed into a warm water bath (~50°C) in order to rinse the
apparatus by condensation of the solvent. Following this procedure the solvent is collected in
the major reactor flask A and poured back into the purge section by carefully tilting the
apparatus. Repeating this procedure periodically and approximately 10 times allows the
collection of the remaining n-BuLi, along with its reaction products with impurities on the

surface of the glass, back to the purge section which will be eventually removed and these
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impurities will not affect the polymerization reaction. In order to collect the pure solvent in
the major reactor the purge section B is immersed in a water bath (~50°C) and the reactor

flask A in an ice bath (~0°C), following a procedure shown in Figure 4.20.

-
-

®

(B)

= /;\N/}\D
7z \

Water bath ~50°C Water bath ~ 0°C

E_—

Figure 4.20: Procedure adopted for distilling the pure solvent in the major polymerization flask.

After the complete distillation of the pure solvent, the purge section part B is
detached from the apparatus by heat sealing the proper constriction. The final polymerization
reactor is shown in Figure 4.21. When the solvent is heated to room temperature, the break
seals of the necessary reagents are ruptured through magnets sealed in Pyrex glass (breakers)

which are controlled by outside magnetic rods.

McOH / ‘Z
THF /
sec-Buli Isoprene

Figure 4.21: The final polymerization reactor for the synthesis of P13 4, homopolymers .

Initially, the break-seal of the ampule containing THF is ruptured and the quantity is
allowed for ~10 min in order to form a homogeneous solution with benzene. It is known from

the literature®®

, that the presence of THF has a marked effect on the microstructure of
poly(isoprene), produced with lithium based initiators, and specifically increases the 3,4-
content. It is experimentally proven that even a small amount of THF (~1 mL) can lead to

poly(isoprene) with high 3,4-content (55-60%). The break-seal of the ampule of isoprene is
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then ruptured, the quantity of the monomer is distilled into the reactor A, using an ice bath
(~0°C), the empty ampule of isoprene is heat sealed at the proper constriction and finally sec-
BuL.i is introduced into the reactor in order to initiate the polymerization of isoprene. It is
important to mention that the ampule containing the isoprene (high volatile reagent) was
always cooled prior the rupture of the break seal in order to minimize surface tension and
avoid abrupt movement of the breaker leading to its rupture. As soon as sec-BuLi is
introduced in the reactor, a bright yellow color is obtained in the solution immediately,
indicating the initiation of polymerization. The reaction is left to proceed at least for 24 h or
more in room temperature, depending on the targeted molecular weight. By completion of the
polymerization, the break-seal of the MeOH ampule is ruptured, the living anions are
deactivated and the solution immediately is discolored. The desired homopolymer is
precipitated in a large excess of methanol stabilized with a proper antioxidant reagent (Figure
4.22) and the obtained homopolymer is dried under vacuum for at least 24 h in a drying oven
set at 50°C.

According to the method previously described, four (4) Pl;4 homopolymers were
synthesized with various molecular weights, ranging from 10,000-400,000 g/mol. The
guantity of the polymer in each case was at least 10 g in order to be enough for all the
characterization studies and rheology experiments carried out in this thesis. The amount of
benzene used for the polymerization reactions varied from 200-250 mL (for the lower
molecular weights) up to 600-700 mL (for the higher molecular weights) respectively. In all
cases the solutions concentrations was kept low and always lower than 5% wi/v. The
calculations for the required quantities of isoprene and sec-BuLi were based on the following
equations (4.2 and 4.3):

Mn — gmonomer (4'2)
mOIesinitiator
Conyi=— 4.3
sec—BuLi V ( )

I

Figure 4.22: Image of precipitated Pl 4in a large excess of methanol.
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4.7.2 Synthesis of H-type P13 4 Homopolymers

For the synthesis of the H-type Pl;, homopolymers, the first step was to synthesize
poly(isoprene) living chains with high 3,4-content with the aforementioned procedure. The
solution of the living Pl5,©Li® was divided stoichiometrically to two flasks. The living ends
in one of the flasks were end-capped with a few styrenic monomeric units (St end-capping)
and were introduced via a titration reaction into an appropriately prepared CDMSS solution
[4-(chlorodimethylsilyl)-styrene/benzene)] with a molar ratio of Pl;,OLi®:CDMSS equal to
1:1, in order to form a macromonomer, through the substitution of a chlorine atom by the
living ends. Then, the solution of the macromonomer is introduced again via titration into the
other flask, containing an excess (~5-10%) of living Pl;,”Li® chains, in order to form a
macroinitiator, through the addition of the living ends to the vinyl bond of the
macromonomer. Finally, specific quantity of isoprene is added and followed by
polymerization in order to synthesize a 3-arm star homopolymer of the [(Pls4) 2(P1'34)] type
which corresponds to the half molecule of the desirable H-type Pl; 4 homopolymer. In order to
prepare the desired H-type homopolymer dichlorodimethylsilane [(CHs),SiCl,] diluted in
benzene to a desirable concentration is added and approximately in one month the linking
reaction is completed. All the reactions were handled in room temperature and small aliquots
were taken during all the steps of the synthetic route, in order to monitor the synthetic
procedure. The synthetic route adopted for the preparation of the H-type Pl;, homopolymers

is shown in Figure 4.23.
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Figure 4.23: Analytical reactions for the synthesis of H-type P13 , homopolymers.

The apparatus used for the synthesis of the initial arms for the preparation of the H-type

homopolymers of Pl 4 is shown in Figure 4.24.
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Figure 4.24: Apparatus for the synthesis of the initial Pl34 living chains which were used for the
preparation of the final H-type Pl;, homopolymers.

In Figure 4.24 flask A is equipped with two (2) ampules containing St end-capping
and THF, while flask B contains three (3) ampules of isoprene, linking agent
dichlorodimethylsilane [(CH,),SiCl,] and methanol respectively. By completing the
polymerization of isoprene, an aliquot (~0.5g) for molecular characterization via size
exclusion chromatography (SEC) and membrane osmometry (MO) is obtained and the
solution of living chains Pl,OLi™ is divided stoichiometrically between the two flasks.
These flasks are then removed from the main reaction apparatus by heat sealing the proper
constrictions. In flask B the quantity of the living ends is larger (~5-10% in excess) for the
reason already mentioned above during the description of the synthesis reaction of the H-type
homopolymers.

Concurrently another apparatus is prepared (Figure 4.25), equipped with an ampule of
4-(chlorodimethylsilyl)styrene (CDMSS), a difunctional reagent in order to prepare the
macromonomer, and flask A which contains a part of the Pl;,“Li® living chains. This
apparatus consisted of a purge section B and the main reactor C in which the macromonomer

will be synthesized.



©
A)

/ THF

<——St end-capping

<— CDMSS
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B)
Figure 4.25: Apparatus for the synthesis of the intermediate macromonomer.

Initially, the apparatus is attached on the vacuum line through a ground joint,
degassed and a small amount of n-BuLi (2-3 mL) is introduced from the elastic septum,
rinsed and sealed off. The apparatus is degassed again and approximately 50 mL of benzene
are distilled into the purge section, freezed with liquid nitrogen and degassed again. The
apparatus is detached from the vacuum line by sealing off the appropriate constriction, the
benzene solution is thawed and the solution of benzene and n-BuL.i is transferred in the inner
Pyrex glass surface of the apparatus as already described previously. Then, the apparatus is
rinsed by continuous benzene reflux in order to remove traces of n-BuLi as well as its
reaction products with impurities. Approximately half amount (25 mL) of the solvent is left in
the main reactor C in order to reduce the vapor pressure of the volatile reagent (CDMSS)
during the introduction of the living anions Pl;,” and the purge section B is removed by
sealing off the appropriate constriction D. Then, the protection of the living ends of Pl5,OLi®”
is achieved through end-capping with 2-4 monomeric units of styrene (St end-capping), by
rupturing first the ampule of THF and then the ampule containing the St for the end-capping.
The color of the solution turned into orange, indicating the alteration of Pl ,Li™ to PSOLI™,
leading to better control of the linking reaction due to steric hindrance effects. Furthermore,
the ampule of CDMSS is ruptured, the solution is homogenized, the empty ampule is sealed

off and the solution is left under vigorous stirring (Figure 4.26).
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Figure 4.26: Final apparatus for performing the linking reaction and the preparation of the
intermediate macromonomer.

The next step was to rupture the break-seal of the flask containing the living polymer
and the quantity was added dropwise in the CDMSS solution. It should be indicated that the
molar ratio of Pl;,OLi"//CDMSS was approximately equal to 1:1. The macromonomer is
formed through the substitution of a chlorine atom by the living polymer ends. The addition
of the end-capped poly(isoprene) living chains with 2-4 monomeric units of styrene was
accomplished via titration (stoichiometry), controlled and verified by collecting aliquots
during the reaction and monitoring through SEC. The procedure was performed with great
caution and very slowly, in order to avoid the addition of living chains to the vinyl bond of
the CDMSS, which is an unwanted reaction at the current synthesis step. As soon as the living
chains are added to the CDMSS solution, the color changed immediately from orange to
colorless indicating the controlled substitution of —Cl and the formation of LiCl. In a period of
approximately 2 h the procedure is completed. Then, the flask was removed from the
apparatus F by heat-sealing the constriction E and the reactor containing the macromonomer
is attached to another apparatus with the initial flask B which contained the remaining
quantity of the Pl;,OLi living chains (Figure 4.27).

N n(c) (H)

() (B)

Figure 4.27: Apparatus for the synthesis of the intermediate macroinitiator.
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The apparatus shown in Figure 4.27, is attached to the vacuum line, flame dried,
degassed and heat-sealed at constriction G. Furthermore, the apparatus is left under stirring,
the corresponding break-seals of flasks F and B are ruptured and the macromonomer is added

dropwise to the solution of Pl5,“Li® living chains (Figure 4.28).

Figure 4.28: Final apparatus for the synthesis of the intermediate macroinitiator.

The solution of living ends was in excess (~5-10%), compared to the macromonomer,
since in that manner, the addition through the vinyl bond of the macromonomer is achieved
successfully. The substitution of the chlorosilyl group is easier than the addition of the vinyl
bond and this is the reason why the second addition is much slower as already mentioned in
the literature.”” The color of the solution changed from bright yellow (Pl;,”Li®) to orange,
indicating the successful reaction of the living polymer with the vinyl bond of the
macromonomer. The second titration was also controlled by collecting aliquots during the
reaction and monitoring the reaction progress through SEC. After completion of the reaction,
flask B was removed by heat-sealing the appropriate constriction H.

Finally, inside the apparatus, shown in Figure 4.29, which contains the formed
macroinitiator, the ampule with the appropriate quantity of isoprene is ruptured, the monomer
is distilled in the reactor and the polymerization of isoprene is initiated from the living ends of
the macroinitiator. The desired 3,4-microstructure of poly(isoprene) is achieved by the
already incorporated amount of THF used for the end-capping, as already mentioned. The
polymerization is completed after ~24 h and the linking agent dichlorodimethylsilane
[(CH,),SiCl;] was introduced in the reactor. The linking reaction is completed in
approximately one (1) month and was inspected by taking aliquots in periodic timeframes and
analyzing them by SEC. When no further change in the progress of the linking reaction was
verified by the SEC studies, the MeOH ampule was ruptured in order to terminate the reaction

and deactivate any living ends involved.
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Figure 4.29: Apparatus for the synthesis of the star homopolymer (PI,)PI and the final H type-Pl;,
homopolymer.

Mass fractionation procedure in a mixture of solvent/non-solvent (toluene/methanol)
was adopted, in order to remove any unreacted intermediate products such as Pl ,OLi® that
was in excess during the synthesis of the macroinitiator and any unreacted macromonomer.
After the fractionation, the final H-type Pl;, homopolymer was precipitated in a large excess
of stabilized methanol and dried under vacuum.

Mass Fractionation

Mass fractionation is a separation process in which a certain quantity of a mixture
(solid/liquid) is divided to a number of smaller quantities (fractions) in which the polymer
compositions and molecular characteristics are different."™ In this case, the mixture comprises
of the desired non-linear homopolymer with the unwanted byproducts (which should be
removed), a solvent and a non-solvent. Depending on the type of polymer chains, various
systems of solvent/non-solvent can be adopted. Fractionation is performed in a separation
flask equipped with a stopcock. Initially, the polymer mixture that needs fractionation is
diluted in the chosen solvent under stirring, creating usually a solution of 2% wi/v or less,
depending on the molecular characteristics of the polymer mixture. The separation flask,
without the stopcock, is placed in an annealing oven at approximately 150°C and remains
there until the following procedure is completed. The non-solvent (usually methanol) is added
carefully to the diluted polymer mixture until the solution becomes cloudy, a procedure which
depends exclusively on what are the molecular characteristics of the unwanted byproducts.
Then, the mixture is warmed up until it becomes transparent again, the separation flask is
removed from the annealing oven, the stopcock is placed back again, the mixture is
transferred to the warm separation flask and is left to cool down slowly to room temperature.
During the introduction into the separation flask, the mixture should not touch the walls of the
flask in order to maintain its homogeneity and avoid any evaporation of the non-solvent
(MeOH exhibits very low boiling point and may evaporate if the flask is warmer than it
should be). The temperature of the mixture and the separation flask should be approximately
the same during the introduction of the mixture into the separation flask. In this manner, the

higher molecular weight macromolecules will precipitate first by forming a lower layer of a
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more concentrated phase, while the lower molecular weight macromolecules will form an
overlying phase (Figure 4.30). The quantity of the desired polymer in each phase depends on
the molecular weight and the chemical composition. This type of fractionation is called
“successive precipitation fractionation” and its success is monitored by usually extracting
small aliquots of the lower and upper phase for molecular characterization via SEC. If the
results are not satisfactory, the lower phase is collected and fractionated again until the
complete elimination of the undesirable products is verified.

= = =3 Lower phase

Figure 4.30: Images of a separation flask used for the fractionation procedure, indicating the
formation of the lower and the upper phase of the mixture (right image).

4.7.3 Synthesis of Linear Diblock Copolymers

The synthesis of the linear diblock copolymers of the PB-b-Ply, type was
accomplished by using anionic polymerization and high vacuum techniques via sequential
monomer addition. The main scope of the synthetic route adopted, was to synthesize diblock
copolymers with narrow molecular weight distributions and predictable molecular weights,
consisting of poly(butadiene) of high 1,4-microstructure (~92%) and poly(isoprene) with
relatively high 3,4-content (55-65%). Five (5) diblock copolymers were synthesized with
variable molecular weights and volume fractions between the two chemically different
blocks. One of the diblock copolymers exhibited very high molecular weight (~1,000
kg/mol), whereas the other four samples had almost constant number average molecular
weight (100,000 g/mol) and variable volume fractions. All polymerizations were
accomplished by using benzene as solvent, sec-BuLi as the initiator and methanol as the
termination reagent. For the successful polymerization of isoprene with relatively high 3,4-
content, a small amount of THF was used, for the reasons already mentioned previously in
this chapter. The synthetic route that was adopted for the synthesis of PB-b-Pls4 is shown in
Figure 4.31.
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Figure 4.31: Synthetic route for the synthesis of PB-b-Pl; 4 diblock copolymers.

The appropriate scientific glassblowing is performed and the ampules of the
monomers, the initiator, THF and the terminating agent are attached on the apparatus (Figure
4.32). Through the ground joint the apparatus is attached on the vacuum line, degassed and a
small amount of n-BuLi is introduced from the elastic septum, rinsed and sealed. It is
degassed again and the proper amount of benzene (~200 mL) is distilled, through the vacuum
line, into flask A. The system is degassed again and is detached from the vacuum line by heat
sealing constriction C. The apparatus is rinsed by the same procedure described previously for
the case of the Pl;, homopolymer samples and the purge section A is removed through

sealing off constriction D.
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Figure 4.32: Apparatus for the synthesis of linear PB-b-Pl;,4 linear diblock copolymers.

As it was mentioned already for 1,3-butadiene it requires immediate polymerization
after being purified. For this reason, when the pure solvent is distilled from the purge section
A to the main reactor B, in a period of 2-3 h, the purification of butadiene is performed
simultaneously in another vacuum line. After the procedure is completed, the apparatus is
attached on the vacuum line through the ground joint E that the empty ampule for Bd bears

and is thoroughly degassed (Figure 4.33). The exact amount of the pure monomer is distilled
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into the ampule using a liquid nitrogen/isopropanol bath (-78°C) and the apparatus is removed

from the vacuum line through constriction F.

To the high vacuum ~J»

f———— Stainless steel

cylinder containing butadiene

Figure 4.33: Distillation of pure butadiene into the apparatus, prior to polymerization.

The break-seal of the ampule of butadiene is ruptured, the monomer is distilled into
the main reactor and the ampule is removed by heat sealing of the appropriate constriction.
Then, sec-BuL.i is introduced to the solution and initiates the polymerization of butadiene.
This polymerization is completed in 24 h and a small aliquot is taken for molecular
characterization via SEC, MO and *H-NMR. Prior to the initiation of isoprene polymerization
the small amount of THF is introduced in the solution. The color of the solution turned into
pale yellow from almost colorless, since the degree of association between the solvent and the
PBOLI™ living ends is decreased from 6 to 2 as already mentioned previously. It should be
pointed out that the requirement in these experiments was to introduce specific ratios of
polydiene microstructure [poly(butadiene) of high 1,4-microstructure (~92%) and
poly(isoprene) with relatively high 3,4-content (55-65%)] in order to obtain eventually
successful self-assembly between the two blocks. This is the reason why the 1,3-butadiene is
polymerized first and the isoprene is introduced as the second monomer. According to the
literature®” the resulting microstructure following this specific route is such that leads to
microphase separation during studies with Transmission Electron Microscopy (TEM).

After approximately 10 min from the THF addition in the solution, isoprene was
added and polymerized. The color turned to bright yellow, indicating the initiation of
polymerization for the second monomer. The polymerization is also completed in 24 h
(depending on the desirable molecular weights), the ampule of methanol is ruptured and the
termination of the polymerization is achieved. The desired diblock copolymer is precipitated
into an excess of methanol stabilized with a proper antioxidant reagent, dried under vacuum
for at least 24 hours in a drying oven set at 50°C.

In the case of the diblock copolymer with high molecular weight (~1,000 kg/mol), the

amount of benzene and THF used were approximately 800-850 mL and ~3 mL respectively.
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All samples exhibited very narrow molecular weight distributions (PDI <1.1) and predictable

molecular weights, as confirmed from SEC and MO.

4.7.4 Synthesis of Miktoarm Star Copolymers of the A,B and A;B Type

The synthesis of miktoarm star copolymers of the A,B and A3;B type, where Ais Pls4
(3,4-content: ~55-65%) and B is PB;4 (~90-92% 1,4-microstructure), was accomplished
through anionic polymerization techniques and high vacuum techniques in combination with
chlorosilane chemistry. The solvent used was benzene, sec-BuL.i as the initiator, THF for the
achievement of the desirable high 3,4-microstucture of PI, trichloromethylsilane (CH;SiCl3)
and tetrachlorosilane (SiCl,) as the linking agents and methanol as the terminating agent for
all the polymerizations. Such miktoarm star copolymers were synthesized for the first time
and have never been reported in the literature.

Eight (8) samples were prepared, divided to four (4) sets (four samples per sequence),
according to the similarities in volume fractions. The volume fraction regime for the PB block
as well as the total molecular weight of the non-linear copolymers are approximately equal to
those documented for the four (4) of the diblock copolymers, thus each diblock copolymer
corresponds to a set of miktoarm star copolymers with approximately equal number average
molecular weights and volume fractions. The reason for keeping almost constant both total
molecular weight and PB block volume fraction in the linear diblock and in the non-linear
copolymers was to compare their structure/properties relationship and verify in such systems
the influence of non-linear architecture in self-assembly. It should be noted here that it is the
first time such a study is performed in exclusively 100% elastomers.

The synthetic route used for the preparation of PB(Pl3,), and PB(Pl;4); miktoarm star

copolymers is shown in Figures 4.34 and 4.35 respectively.

PB, PB,, Cl
NAPLIY S CHiSIC, —— NA—Si-Cl + LiCl + CHSSiCl;
X -10 CH3
Pl ,

9 | () e+ = % Pl
W—Isi-cl +2 w( DLl( ) —_— w_ISi/dP[ + 2LiCl + w3’4'>iLi(+)
CH; (20% excess) Cﬁ;\'\ﬂ + (not linked

due to excess)
Miktoarm Star Copolymer

of the PB, 4(PL; ,), Type
Figure 4.34: Synthetic route for the synthesis of miktoarm star copolymers of the PB(Pl;4), type.

80



PB, , PB,, Cl i
v s +excess g —> AaarnSi-Cl + LiCl + SiCl
NAS LT 500-g010 S1C 211 e S
PI; ,

PB,, CI PI - 3LiCl PB Pl
v Si-Cl SPOLIY —— ‘v\"}—Si—w + 3LiCl + "\ Li"”
ANAS— >1- + 3 ALl PI

3.4 :
a (20% excess) \"\n (not linked

PI, due to excess)

Miktoarm Star Copolymer
of the PB, ,(PI; ,); Type

Figure 4.35: Synthetic route for the synthesis of miktoarm star copolymers of the PB(PI34); type.
Initially, PBOYLI® living chains are synthesized through anionic polymerization, as
already mentioned. Benzene is used as the solvent and sec-BuLi as the initiator. The
apparatus used for this polymerization is different from the already described previously and

is shown in Figure 4.36:

sec-BuLi St end-
MeOH Bd THF capping
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Figure 4.36: Apparatus for the synthesis of PBOLi™ prior to the linking reactions with chlorosilanes.

The apparatus is attached on the vacuum line, flame dried, degassed, a small amount
of n-BuLi is injected through the elastic septum, rinsed and removed from the apparatus.
Appropriate amount of benzene (300-400 mL) is distilled in flask A, the system is degassed
again and finally removed from the vacuum line. The purification procedure of the apparatus
is the same as previously reported, and the purge section flask A is removed, leading only to
pure benzene in the main reactor B. The apparatus is attached to the vacuum line again and
the distillation of pure butadiene is achieved through the appropriate setup as described
previously (Figure 4.33). Following the aforementioned procedure, polymerization of

butadiene is completed after 24 h and the solution of living PBOLI® is divided
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stoichiometrically into flasks C and D respectively which are sealed off from the apparatus
accordingly. An appropriate amount of living PBOLi® is left in the apparatus (~0.5 g) in
order to perform molecular characterization through SEC, MO and 'H-NMR. Methanol is
introduced in the apparatus for the deactivation of the small amount living ends. In both flasks
C and D, ampules of THF and St for end-capping are attached in order to alter the reactivity
of the living ends to PSOLi™, leading to better control of the linking reaction. The ampule of
THF is ruptured first, the color of the solution turned into yellow and after a while is followed
by the rupture of the St end-capping ampule and the color turned into light orange verifying
the alteration of the living ends as needed.

For the linking reaction of trichloromethylsilane (CH3SiCls) or tetrachlorosilane
(SiCl,) with the new PSOLi™ living ends of the protected PB, the apparatus used is exhibited
in Figure 4.37.

f— Sampler

CH,SiCl,
or SiCl,

Figure 4.37: Apparatus for the linking reaction of the chlorosilane with the living ends.

This apparatus consisted of the purge section A and the main reactor B which will be
used for the linking reaction. Initially, the apparatus is attached on the vacuum line through
the appropriate ground joint, degassed and a small amount of n-BuLi is introduced from an
elastic septum, rinsed and sealed-off. The apparatus is degassed again and approximately 50
mL of benzene are distilled into the purge section, cooled with liquid nitrogen and degassed
again. The apparatus is detached from the vacuum line by sealing-off the constriction C, the
benzene solution is thawed and the solution of benzene and n-BuL.i is transferred in the inner
Pyrex glass surface of the apparatus as already described. Then, the apparatus is rinsed by
continuous benzene reflux in order to remove traces of n-BuL.i as well as its reaction products
with impurities. Approximately half amount (25 mL) of the solvent is left in the main reactor

in order to reduce the vapor pressure of the volatile linking agent during the introduction of
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the living anions and the purge section A is removed. The ampule of the linking agent is
ruptured, the solution is homogenized and the empty ampule of the silane is sealed off as
well. The break-seal of the collection flask with the St end-capped PB living ends is attached
to the one side arm of the linking apparatus which bears a break-seal connected to constriction
with a glass nozzle as indicated in Figure 4.38. The connection part is degassed very carefully
on the vacuum line by flame drying 2-3 times, the apparatus is detached by sealing off
constriction A and is left under stirring prior to the linking reaction in an ice bath (0°C in
order again to minimize the vapor pressure of the volatile chlorosilane).

Chlorosilane
<« +
Sampler Benzene

Figure 4.38: Schematic of the reactor constructed for the linking reaction which is connected with the
collection flask containing the St end-capped poly(butadienyl) living ends.

At this point of the synthetic procedure any error in the handling of the apparatus
could lead to unwanted results and the linking reaction of the silane with the living ends will
not be successful. Two parameters are very important:

a) The amount of the chlorosilane linking agent must be in a large excess when
compared with the amount of the active polymer chains (at least 400- to 500-fold
excess).

b) The solution of the active polymer must be added to the chlorosilane as quickly as
possible, without permitting any vapors of the chlorosilane to transfer back to the
connection part, or even worse, back to the flask with the living ends leading
eventually to cross-linking reactions and to gelation.

The linking reactor with the linking agent in benzene is placed into an ice bath (0-4°C) under
soft stirring, the flask with the active polymer chains is warmed up to 75-80°C and both
break-seals are ruptured if possible simultaneously. The apparatus is tilted and a towel soaked
in hot water is placed on the flask with the active polymer in order to help the insertion of the
solution into the linking reactor as fast as possible. The living polymer is, therefore, added in
one continuous motion into the linking reactor where vigorous stirring is applied and in order
for the reaction to be successful the loss of color (from the living ends) should be evident as

soon as the solution is inserted to the reactor bearing the chlorosilane solution. After the
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addition is completed, the apparatus is left under stirring for at least one (1) hour at room
temperature. The most crucial aspect of this linking reaction is the substitution by the living
chains of only one chlorine atom, leading therefore to the intermediate product PB-Si-Cl, or
PB-Si-Cl; (according to the chlorosilane used in each case).

An important procedure for the successful synthesis of the final miktoarm star
copolymers is the removal of the excess of the linking agent since even a small amount of
unreacted chlorosilane could lead to undesirable products in the final material. This volatile
reagent is removed by adopting a specified procedure in the high vacuum line. The apparatus
of Figure 4.39 is attached on the vacuum line through one of the two remaining break-seal
entries in which a ground joint C was attached.

Figure 4.39: Apparatus for the quantitative removal of the unreacted chlorosilane linking agent.

After the specific apparatus (Figure 4.39) is degassed on the vacuum line, the
corresponding break-seal is ruptured and the contents (benzene, chlorosilane) are distilled to a
waste collection flask attached on the high vacuum line until the solution becomes enough
viscous to stir. Freshly purified benzene (50-70 mL) is distilled into the linking reactor,
through the vacuum line, and the contents are stirred for 30 minutes at approximately 30°C in
order to fully dilute again the PB-Si-Cl, or PB-Si-Cl; polymer. By this manner, the inner
Pyrex glass surface of the apparatus is rinsed from the remaining chlorosilane traces. The
contents are again distilled to the waste collection flask and the procedure is repeated for at
least two more times. After the third distillation of the contents to the waste collection flask,
the reactor may be opened to the vacuum line for a large period of time until no volatile
residues are evident in the apparatus (through the elimination of the Tesla coil noise).
Depending on the amount of chlorosilane and the molecular weight of the polymer, this
period of time can last from 5-10 days. The reactor is usually warmed up to ~30-35°C in order
to enhance the evaporation of the trapped volatile residues.

The distillation of freshly purified benzene into the reactor was performed with a

liquid nitrogen/isopropanol bath and not directly with liquid nitrogen in order to prevent any
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crack in the glassware of the reactor through stresses acquired by overheating and
overfreezing. The existence of high vacuum is an indication that all the chlorosilane quantity
has been removed from the apparatus. Purified benzene is again distilled into the reactor
(~150-200 mL, depending on the molecular weight and the quantity of the polymer) and the
apparatus is detached from the vacuum line by sealing-off constriction D (Figure 4.39). Then,
the reactor is connected, through the last break-seal entry, with the polymerization reactor of
the living Pls,"Li®) by constructing a new apparatus shown in Figure 4.40. The living chains
of Pl3,”Li® should be in ~20% excess compared to the Si-Cl living ends of the PB-Si-Cl, or
PB-Si-Cl; in order to verify that all the remaining chlorine atoms will be substituted by the PI
chains, leading eventually to the desired PB(Pls4), and PB(PI;4);s miktoarm star copolymers
respectively.

Samplers H (A)

Living ends of PI; ,OLi®

\ PB-Si-Cl, or PB-Si-Cl,
Figure 4.40: Apparatus for the linking of the living P15,OLi® with PB-Si-Cl, or PB-SiCl; respectively
in order to prepare the desired miktoarm star copolymer.

The apparatus observed in Figure 4.40 is attached carefully on the vacuum line
through a ground joint, is evacuated for ~1 h and then is detached from the vacuum line by
sealing-off the appropriate constriction A. Then, the break-seal of the living Pl;, ends, which
are in excess, is ruptured and the solution is transferred to the inner Pyrex glass surface of the
apparatus. The excess of the living anions reacts with any impurities and deactivates them
since it is not possible to purify this apparatus by incorporating a purge section as described in
previous cases. Afterwards, the break seal of the PB-Si-Cl, or PB-Si-Cl; is ruptured and the
two solutions are mixed thoroughly. An indication of the linking reaction is the change of the
color of the living arms from bright yellow to an almost colorless solution (a pale color
sometimes is obtained due to the excess of the living arms). The final mixture is collected to
the reactor of the PB-Si-Cl, or PB-Si-Cl; and the final linking reaction is left to proceed for
approximately one (1) month. During this linking procedure, small aliquots of the mixture for

molecular characterization via SEC are extracted in order to monitor the progress of the
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linking reaction. After completion of the linking reaction, the homopolymer (Pl34) and non-
linear copolymer mixture is precipitated in stabilized methanol and dried under vacuum at
room temperature for at least 24 h. Finally, due to the excess of the Pl;,“Li® living ends
used in order to ensure complete substitution of the remaining chlorine atoms by the living
chains, fractionation was necessary for the homopolymer excess removal. The solvent/non
solvent system adopted was toluene/methanol, due to the very good solubility of both PB and
Pl 4 in toluene.

The same synthetic procedure and apparatuses, as described above, was used for both
types of miktoarm star copolymers.

4.8 Molecular Characterization
4.8.1 Size Exclusion Chromatography (SEC)

A size exclusion chromatograph (SEC), equipped with an isocratic pump
(SpectraSystem P1000), column oven (LabAlliance) heated at 30°C, three columns in series
(PLgel 5 mm Mixed-C, 300x7.5 mm), refractive index (RI, Shodex RI-101), ultraviolet
absorbance (UV, SpectraSystem UV1000) detectors and tetrahydrofuran (THF) as the eluent,
was calibrated with eight PS standards (Mp: 4.300 to 3.000.000 g/mol). In every case, prior to

calculating the polydispersity index (PDI) of the synthesized polymers as well as prior to

make an estimation on the average molecular weights (Mn and MW), a series of standard PS
solutions were always tested in order to examine the accuracy of the measurements. All
measurements were performed at the Polymers Laboratory, Department of Materials Science
Engineering, University of loannina since the specific equipment is necessary for the

molecular characterization of synthesized linear and non-linear polymer samples.

4.8.2 Membrane Osmometry

Membrane osmometry (MO) was adopted to determine the number average
molecular weight M by using a Gonotec Osmomat 090 in 35°C. The solvent used was
toluene, distilled from CaH,, while the membrane was from regenerated cellulose. The
number average molecular weight was estimated by creating a graph of (7z/c)]/2 as a function

of ¢, where z is the osmotic pressure and c the concentration of the corresponding solution in
g/ml. All measurements were performed at the Polymers Laboratory, Department of Materials
Science Engineering, University of loannina since the specific equipment is necessary for the

molecular characterization of synthesized linear and non-linear polymer samples.

4.8.3 Proton Nuclear Magnetic Resonance (*H-NMR) Spectroscopy
Proton nuclear magnetic resonance (*H-NMR) spectroscopy was used for determining

the composition and the isomeric microstructures of poly(butadiene) and poly(isoprene)
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blocks respectively, and was carried out in CDCl; at 25°C using a Bruker AVANCE 1l 250
MHz spectrometer, located at the Chemistry Department in the University of loannina. Data
were processed using UXNMR (Bruker) software. The Network of Research Supporting
Laboratories at the University of loannina is highly acknowledged in this case since the
equipment (Center of Nuclear Magnetic Resonance) is located at the Department of

Chemistry, University of loannina.

4.9 Thermal Analysis
4.9.1 Differential Scanning Calorimetry (DSC)

For the calculation of glass transition temperatures values of the materials,
differential scanning calorimetry (DSC) was employed. The measurements were
accomplished with a Q20 TA instrument. The heating ramp was 5°C/min and the temperature
range from -120°C to 40°C. A small amount of 2-5 mg was used from each sample and placed
in an aluminum pan, which was sealed properly and introduced into the sample holder of the
instrument. Two heating and one cooling cycles were performed and the results of the second
heating were reported and analyzed using Advantage v5.4.0 (TA instruments) software. All
measurements were performed at the Polymers Laboratory, Department of Materials Science
Engineering, University of loannina since the specific equipment is necessary for identifying

thermal properties and transitions of synthesized linear and non-linear polymer samples.

4.10 Morphological Characterization
4.10.1 Transmission Electron Microscopy (TEM)

The observation of the samples was performed in a JEOL JEM-2100 transmission
electron microscope (TEM) operating at 200 kV in bright field mode equipped with a LaBg
filament. In order to study the morphology of the copolymers prepared in the framework of
this thesis, the preparation of thin films that exhibit microphase separation was required.
Thermodynamic equilibrium ensures enhanced self-assembly of the sample, leading
eventually to distinguishable microphase separation. The preparation of the samples and the
observation via TEM of the equilibrium morphologies were performed in the Department of
Materials Science Engineering, University of loannina at the Electron Microscopy Unit.

Casting-Annealing: Initially, for the preparation of the thin films, a 5% w/v solution
of each sample in toluene was prepared. The solvent should be non-selective for both blocks
of the copolymer. The samples were casted for approximately 5-7 days in a properly
established saturated environment under a beaker in a hood. In this manner, the solvent is
evaporated slowly from the solution. Thin films with thickness approximately 1 mm were
formed and half parts of them were placed in an oven for thermal annealing (50°C) for 5 days.

Then, each film was removed from the annealing oven and immersed in liquid nitrogen for a
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few seconds (quenching). This procedure was adopted since there is a possibility that the
formed morphology might alter, if the sample is cooled slowly to room temperature,
especially if the molecular characteristics of the sample are low and WSL theories are
adopted.

Ultramicrotomy: For the research work involved in this thesis, cryo-
ultramicrotoming was performed in a Leica EM UC7 Ultramicrotome, located in the
Polymers Laboratory, Department of Materials Science Engineering, University of loannina.
Cryogenic conditions (-100°C) were employed for the reason that the hardness of each sample
was improved, since the microtoming was accomplished below the lowest T, of both PB and
Pls, (-90°C and -10°C respectively).
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CHAPTER 5

Experimental Results — Discussion — Conclusions — Future Work

5.1 Molecular Characterization Results of Linear Homopolymers Pl34

The molecular characterization results are presented and discussed for the four (4)
linear homopolymers of the Pl;, type synthesized for this thesis. All samples, as already
mentioned were synthesized via anionic polymerization through high vacuum techniques.
High 3,4-content (55-65%) was adopted in all four samples, using a small amount of a polar
additive (THF), prior to the polymerization of isoprene. All polymerizations were performed
by using sec-BuL.i as initiator, benzene as the solvent and methanol as the terminating agent
of the polymerization.

Molecular characterization of the samples was performed through size exclusion
chromatography (SEC), membrane osmometry (MO), vapor pressure osmometry (VPO) when
the number average molecular weight was low and proton nuclear magnetic resonance
spectroscopy (*H-NMR). SEC with THF as the eluent at 30°C was used extensively in order
to verify the narrow molecular weight distributions of the polymers and to receive
information concerning the number average molecular weights. The instrument was always
calibrated with PS standards and the number average molecular weights are not accurate for
the Pl; , homopolymer samples.

The reason for calibrating the SEC equipment is to define the relationship between
the molecular weight and elution volume or elution time (since in the equipment the flow rate
in all experiments was set at 1mL/min) in the selective permeation range of the column set
used and to calculate the number and weight average molecular weights of the sample with
unknown molecular characteristics. In order to verify the number average molecular weight

values for each sample, membrane osmometry and vapor pressure osmometry in toluene at
35°C and 50 °C respectively for the MO measurements. Square root plots (72'/0)1/ 2vsC (r:

osmotic pressure and C: concentration) were used in order to calculate the Mn values

minimizing therefore the plot curvature due to the third virial coefficient especially in the

cases where the M qvalues are high (bimolecular interactions between adjacent chains are
strong even in dilute solutions leading to significant values of the third Virial coefficient). By

combining the results from the above characterization methods and using them in the

<|

w

polydispersity equation: | = , relative information concerning the M wvalue of the final

n

<|

materials may be obtained.
Furthermore, another method used for the molecular characterization of the samples,

and especially to verify the high 3,4-microstructure for the Pl;, homopolymer samples, was
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proton nuclear magnetic resonance (*H-NMR) spectroscopy in CDCl; at room temperature
(~25°C).

In Table 5.1 the most significant molecular characteristics of the four homopolymers
are summarized. Four (4) homopolymer samples of the Plz4 type in different molecular
weights (ranging from 5,000 g/mol to 330,000 g/mol) were synthesized. The characteristic
ratios of the stereochemical microstructures were calculated by the corresponding *H-NMR
spectra and in all cases the 3,4-content was found to be higher than 55% and lower or equal to
60%.

Table 5.1: Molecular characterization results for the linear homopolymers of the Pl3 4 type.

V] b v 0, d 0, d 0, d
(M“)P|a I ('Vlw)PlC /03'4 /0114 /01,2

Samples microstructure microstructure  microstructure
(g/mol) (g/mol)
Pls,-1  5500¥° 1.05 5,800 58 30 12
Ply,2  14,500¥°  1.03 14,900 59 29 12
Pl;,-3 210,000 1.07 225,000 60 30 10
Pl;,-4 330,000 1.08 356,000 58 30 12

®MO in toluene at 35°C or VPO in toluene at 50°C, "SEC in THF at 30°C, “From combination of SEC
and MO measurements through the equation | :M%M , "From *H-NMR measurements in CDClj at
25°C.

A variety of results can be concluded from Table 5.1. The lowest number average
molecular weight of the Pl3, is 5,500 g/mol while the highest is 330,000 g/mol. The
molecular weight distributions are narrow in all cases, implying that the samples exhibit
chemical and compositional homogeneity. Furthermore, the 3,4-content in all cases varies in

the regime 58%-60%, as a result of utilizing a polar additive (THF) prior to the

polymerization of isoprene. The theoretical calculations for M. values of the Pl3 4
homopolymer samples were always in accordance with the experimental results from SEC
and MO. VPO measurements were needed in the cases of the two lower molecular weight
samples (Pl34-1 and Pl;4-2 as denoted in Table 5.1).

In Figure 5.1 the SEC chromatographs of all four samples are presented, following
the notations adopted for Table 5.1. Prior to every measurement, the SEC instrument was
calibrated with PS standards solutions exhibiting well-known molecular weights. The values
obtained for the number average molecular weight of the samples are not accurate. For this
reason membrane osmometry and/or vapor pressure osmometry were used in order to verify
precisely the number average molecular weight of each sample. The results from the above
mentioned techniques indicated that the values of number average molecular weight differed
between size exclusion chromatography and osmometry by a ratio 1.29-1.31 in all cases and

specifically the values from SEC were always larger by this ratio. This is due to the fact that
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size exclusion chromatography was calibrated with PS standards and therefore the chemical
structure of the Pl; , homopolymer samples is completely different from that of linear PS. The
hydrodynamic volume of the Pl;, is larger leading to the conclusion that for these specific
homopolymers the number and weight average molecular weights should always be divided

by the value 1.30 as derived from the osmometry measurements (MO and VPO).
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Figure 5.1: SEC chromatographs of the linear homopolymers of the Pl;, type, where the blue color
corresponds to Pls4-1, red to Pl 4-2, black to Pl3 4-3 and purple to Pl 4-4 respectively.

By observing the SEC chromatographs of all homopolymers, it is clearly understood
that their molecular weight distributions are monomodal. The presence of only one peak and
their low polydispersity indices indicate their molecular homogeneity as well as the absence
of any side and/or termination reactions during the polymerization of isoprene. The
chromatographs of the higher molecular weight samples (Pl;4-3 and Pl;,-4) eluted at lower
elution times in contrast with the lower molecular weight samples.

In order to calculate the characteristic ratios of stereochemical microstructures of
each sample, 'H-NMR spectra in CDCI; at 25°C were obtained. As it was mentioned in the
experimental section (Chapter 4), THF was used prior to the polymerization of isoprene,
leading to Pl samples with enriched 3,4-microstructure. The lower 1,4-content is due to the
delocalization of the negative charge among the three final carbons of the living chain (loose
ion pairs).

The most characteristic feature of a *H-NMR spectrum is its proton chemical shifts
which correspond to specific protons located in carbons of the monomeric units. In Table 5.2
the theoretical proton chemical shifts for each microstructure of Pl are given. As it is evident,
the ratio of each microstructure can be estimated via "H-NMR spectroscopy since, according

to Table 5.2, different protons generate different chemical shifts in a *H-NMR spectrum.
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Table 5.2: Type and number of protons with the corresponding chemical shifts for protons
incorporated in the monomeric units of poly(isoprene).

Geometric Type and Chemical Shift
Isomerism Number of Protons (ppm)
1,4 Olefinic (1) 5,12
34 Olefinic (2) 4,70
Olefinic (1) 5,82
1,2
Olefinic (2) 5,00

More specifically, olefinic proton chemical shifts appear above 4 ppm while the
aliphatic appear at lower values (> 2 ppm). Olefinic proton chemical shifts usually attract
greater interest since they correspond to protons related with the double bond carbons in
polydienes. These shifts are the most important for the calculation of the ratio of the
microstructures of PI. The chemical shift at 4,70 ppm corresponds to the hydrogen atoms (2)
connected with the double bond carbon (carbon 1) in the 3,4-microstructure of poly(isoprene),
the chemical shift at 5,12 ppm corresponds to the hydrogen atom (1) of the double bond
carbon (carbon 2) in the 1,4-microstructure and the chemical shifts at 5,00 and 5,82 ppm
correspond to the hydrogen atoms (2) of carbon 4 and the hydrogen atom (1) of carbon 3 in
the 1,2-microstructure respectively.

In Figure 5.2 the 'H-NMR spectrum of Pls,-3 linear homopolymer, where the
characteristic chemical shifts for all protons (in red) of all the microstructures for the Pl;4-3

homopolymer sample is presented.

92



—CH;—C— ‘
o ! CH, T
s 3 —CH,—C=CH—CH,—
2 —CH,—C— ”
I’ll_z CHH I 14
\ CH, I
\ = I
\ I y y
\ Pl I —CH,—CH— ’
A \ / /  C—CH;
\ \ / 4 I
\ \\ / // CH, I '
\ /
\ T Pl |
\ \ | |
\ \ I g ‘
\ \ /’ \' |
\ \ ‘ ‘
\ v [ NN
\ \ v \ |
VoA | i
\ N ‘ | TRIA
I \ I ] UV
I v U LBV
J\ J | / }l
_JV A\ — L N (AN
s s 4 3 > 1 0
(ppm)

Figure 5.2: "H-NMR spectrum of Pl; 4-3 linear homopolymer.
As it can be easily observed, in the 'H-NMR spectra of the Pls,-3 linear

homopolymer, the experimental results are verifying the theoretically expected. Chemical
shifts at 5,6-5,8 ppm corresponding to the olefinic proton of the 1,2-microstructure are
evident, as well as at 5-5,2 ppm the two olefinic protons of the 1,2-microstructure and the
olefinic proton of the 1,4-microstructure are exhibited and finally at 4,6-4,7 ppm the two
olefinic protons of the 3,4-microstructure of Pl are observed as well.

The proton chemical shifts evident at approximately 7,2-7,3 ppm correspond to the
deuterated chloroform (CDClIs) which is the solvent used to dilute the sample. The intensity of
the 'H-NMR signals is being displayed along axis y of the spectrum and is proportional to the
molar concentration of the sample in the final solution studied. All the above are

characteristic proton chemical shifts which confirm the high purity and homogeneity of the
final materials, as well as the high 3,4-content (58-60% in all cases) of PI. Identical ‘H-NMR
spectra were obtained in all four homopolymers of the Pl;, type in this thesis.

The characteristic ratios of the stereochemical microstructures of Pl were calculated
through the integration of the area of the chemical shifts, corresponding to each
microstructure. The results are in good agreement with the theoretical calculations of the
chemical shifts for each microstructure and the successful synthetic procedure was confirmed.
Summarizing the results of the molecular characterization of linear homopolymers of the Pl;,

type through SEC, MO and *H-NMR, the successful synthesis of all samples and the high 3,4-

content was confirmed.
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It is very important to mention that these samples were sent to the Morton Institute of
Polymer Science and Engineering, The University of Akron, Ohio, USA, in Professor Wang’s
group where rheological measurements were performed along with the H-type Pl;, samples

whose molecular characterization results are given below.

5.2 Molecular Characterization Results of Non-Linear Homopolymers Pl34

The molecular characterization results are presented and discussed for the two (2)
non-linear homopolymers Pl;, of the H-type synthesized for this thesis. The synthetic
procedure as mentioned in Chapter 4 involved anionic polymerization techniques and
chlorosilane chemistry. In order to synthesize this type of samples it was necessary to use
CDMSS [(4-chlorodimethylsilyl)styrene] as a difunctional reagent, and sequential titrations of
living Pls4. After the synthesis of a 3-arm star homopolymer of the (PI,)PI” type,
dichlorodimethylsilane [(CH3).SiCl,] was used for the coupling reaction and the final
preparation of the desired H-type Pls, was performed. Following the termination of the
coupling reaction (approximately after 4 weeks), mass fractionation in a solvent/non-solvent
(toluene/methanol) system was adopted for removal of the unreacted intermediate products.
Great caution was taken in all steps of the synthetic procedure in order to achieve
homogeneous and model polymers with low polydispersities.

Molecular characterization of the samples was performed again through size
exclusion chromatography (SEC), membrane osmometry (MO) and proton nuclear magnetic
resonance spectroscopy (‘H-NMR) as in the case of the Pls, linear homopolymers. The
conditions of each technique and the solvents used were the same as described above.

SEC was used during the whole synthetic procedure in order to monitor the linking
reactions in every step of the procedure and through MO the number average molecular
weight of the initial arms, intermediate products and the final polymers was calculated. *H-
NMR was used in order to confirm the desirable high 3,4-microstructure of the samples. In
Table 5.3 the molecular characteristics of the precursors, intermediate products and final

fractionated samples of the H-type Pl 4 are summarized.
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Table 5.3: Molecular characteristics of the precursors, intermediates (3-arm star Plz4) and
fractionated H-shaped poly(isoprenes).

Samoles (M”)arma (I\/I”)PIZPI'a (M n)connectorb (M”)totala Itotalc (MW)totald
P (g/mol)  (g/mol) (g/mol) (g/mol) (g/mol)

H-Pl,-1 25200 104,800 110,000 210,800 1,10 231,900

H-Pls,2 30,600 96,000 69,900 192,300 1,06 203,800

MO in toluene at 35°C, °(M,) as  calculated through the  equation:

Wi
connector

(M) ermeaer =[(M ) — (Mn) X4] , °SEC in THF at 30°C, “From combination of SEC and MO

measurements.

As it can be observed from Table 5.3, two samples of the H-type Pl;, were
synthesized with sufficiently high number average molecular weights, ~192,300 g/mol and
210,800 g/mol respectively. In the case of H-Pl;,4-1 the number average molecular weight of
each arm was calculated through MO to be approximately equal to 25,000 g/mol and that of
the connector ~110,000 g/mol, while in H-Pl;4-2 the number average molecular weight was
experimentally calculated ~30,000 g/mol and that of the connector ~96,000 g/mol
respectively. The polydispersity indices in both cases were quite low, especially in H-Pls 4-2
sample, indicating the homogeneity of the samples. A representative example, corresponding
to sample H-Pl;,-1, is given in Figure 5.3, where the chromatographs of the precursors,
intermediates, unfractionated and fractionated H-Pl;4-1 are shown analytically, while in
Figure 5.4 the chromatographs of the final fractionated H-Pl;4-1 and H-Pl;4-2 are presented.
The results from one sample were chosen to be presented thoroughly, due to the fact that the

chomatographs of both H-type Pl3 4 homopolymers were almost identical.
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Figure 5.3: SEC chromatographs of aliquots during the synthetic procedure of H-type Pl;4-1, where:
a) corresponds to linear Pl34 arms, b) to macroinitiator (Pls,),, ¢) to 3-arm star homopolymer of the
(Pl34),Pl34" type, d) to unfractionated H-type Pl;,4-1 and e) to the final H-type Pl;4-1 sample after

fractionation.
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Figure 5.4: SEC chromatographs of the final fractionated H-Pl;4-1 (indicated in blue color) and H-
Pls4-2 (indicated in red color) respectively.

The synthesis of H-type Pl; 4 samples involved the preparation and polymerization of
vinyl-functonalized monomers or macromonomers, which were synthesized by the direct
termination of living polymers with a functionalized reagent.!®® The key factor for the
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synthesis of this type of polymers was the fast reaction of the living Pls4 (protected through
end-capping with 2-4 monomeric units of styrene) with the chlorine atom located in CDMSS
than with its double bond. Previous research has shown that the nucleophilic substitution
reaction of polystyryllithium with the halogens in chlorosilyl and chloromethyl groups is
much faster than the addition reaction to the vinyl double bond, allowing the use of these
compounds in the synthesis of macromonomers.”” In order to produce only the
macromonomer and not a mixture of macromonomer and in-chain living polymer, the living
polymer was added to the CDMSS solution dropwise in a molar ratio of Pl ,©Li®"/CDMSS
equal to 1:1. In that manner, a controllable substitution of the chlorine atom of CDMSS was
achieved.

The next step was the addition via a second titration of the macromonomer to the
living chain of Pl;4 and not the opposite, as in the first titration. The solution of the living
ends was in excess (~5-10%), compared to the macromonomer molar quantity, since in that
manner, the addition through the vinyl bond of the macromonomer is successfully achieved. It
should be noted that the second titration were performed very slow and under continuous
stirring. As shown in the SEC chromatograph Figure 5.3(b) the successful synthesis of the
macroinitiator was achieved following this technique. Nevertheless, a small amount of the
living Pl3 4 was always evident due to the initial excess of the living chains of Plj ,.

After the addition of isoprene and the completion of the polymerization (at least for
24 h), a 3-arm star of the (Pl34),Pl3," was obtained with number average molecular weight
approximately equal to 105,000 g/mol [Figure 5.3(c) SEC chromatograph]. As mentioned
above a small portion of undesired reactions due to the excess of living ends are also
observed. The final step was the linking reaction of the living (Pls4),Pls4" star with
(CHj3),SiCl, which is a very slow procedure (~1 month), resulting to the desired H-type Pls,4
[Figure 5.3(d) SEC chromatograph]. It is clearly understood from the SEC chromatographs in
Figure 5.3 that in order to obtain the final H-type Pls 4 samples, fractionation techniques were
adopted using a solvent (toluene)/non-solvent (methanol) system. This procedure is repeated
until the complete elimination of all undesirable products is verified, as it is shown in Figure
5.4, where the chromatographs of the final fractionated H-type Plz4 for both samples are
presented.

By observing the SEC chromatographs (Figure 5.4) of the final polymers, it is clearly
understood that their molecular weight distributions are monomodal. The presence of only
one peak and their low polydispersity indices indicates their chemical and compositional
homogeneity as well as the absence of any undesired products from the synthetic procedure.

In order to calculate the characteristic ratios of stereochemical microstructures of
each sample, 'H-NMR measurements in CDCl; at 25°C were performed. As it was mentioned

in the case of the linear Pl;, homopolymers, the ratio of each microstructure can be estimated
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via 'H-NMR spectroscopy (Table 5.2) due to the variable chemical shifts of different protons
located at specific carbon atoms of the PI monomeric unit, corresponding to each geometric
microstructure.

In Figure 5.5 the 'H-NMR spectra of both final H-type homopolymers are given,

where the characteristic chemical shifts of each microstructure are presented.
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Figure 5.5: "H-NMR spectra of H-Pl; -1 and H-Pl3,-2 samples respectively.

It is clearly understood from the above 'H-NMR spectra that both samples exhibit
high 3,4-content and through calculations of the integration of the area that corresponds to
each proton chemical shift, H-Pl;4-1 sample is enriched in 3,4-microstructure by a value of
approximately 61%, while H-Pl34-2 exhibits ~63% 3,4-content respectively. It should be
noted that the 'H-NMR spectra for the final polymers are identical with those of the
intermediate 3-arm stars as well as those spectra corresponding to the linear Plsy
homopolymers therefore the chemical shifts are not analytically described. It should also be
mentioned that the proton chemical shifts appearing at approximately 7,2-7,3 ppm correspond

to the deuterated chloroform (CDCIs) which is the solvent used to dilute each sample,
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whereas the chemical shifts at 7-7,2 ppm correspond to the aromatic hydrogen atoms of
CDMSS or/and to the St end-capping that was used for the protection of the initial living Pl3 4.
In Table 5.4 the characteristic ratios of geometric isomerisms or stereochemical

microstructures of each H-type sample is reported.

Table 5.4: Characteristic ratios of the different microstructures of H-type Pl;4 samples as were
calculated by *H-NMR spectra.

Samples % 3,4 % 1,4 % 1,2
microstructure microstructure microstructure

H-Pl34-1 61 25 14

H-Pl3,4-2 63 22 15

5.3 Thermal Analysis Results of Non-Linear Homopolymers Pl3 4

Differential scanning calorimetry is a thermo-analytical technique in which a physical
property of the sample is monitored as a function of temperature, while the sample and the
reference undergo a thermal treatment, either heating or cooling. DSC can provide very useful
information concerning the glass transition temperature, melting point and the crystallization
of a polymeric material. The glass transition temperature is referred to amorphous polymers
or semicrystaline polymers with amorphous regions and is the temperature where a reversible
transition occurs from an amorphous, hard and relatively brittle state into an elastomeric,
rubber-like state. The transition from the glassy state to the elastomeric state is endothermic
and it is not considered a phase transition. In the amorphous state, partial movements of the
polymer chains in a large scale are difficult to occur. By heating the amorphous material up to
the glass transition temperature, the sectional movements of the polymer chains are activated
(but in total the polymer chains remain freezed) and this transition is monitored and expressed
via a characteristic curve in a DSC thermograph.

The glass transition temperature (T,) of high content cis-1,4 poly(isoprene) is ranging
from -70°C to -60°C depending always on the ratio of cis- and trans- configurations. It has

been reported in the literature™

that the T, value of Pl depends on the microstructure and
specifically it increases linearly with increased 3,4-content and hence decreases when the 1,4-
content is increased (Figure 5.6). Several factors relating to the chemical structure of
polymers are known to affect the glass transition temperature. The most important is chain
stiffness, which depends on the molecular weight and configuration of the polymer. In the
case of poly(isoprene), molecular weight does not play a significant role and different T,

correspond to different microstructures.
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Figure 5.6: Glass transition temperature as a function of 3,4-microstructure of poly(isoprene).'®*

Concerning PI with high 3,4-content, the T, increasement could be explained due to
the steric hindrance from the side-chain vinyl group which contributes to increasing the
stiffness of the polymer chains. In contrast, the high 1,4-microstructure Pl exhibits low T,
values leading to more flexible polymer chains.

The thermal analysis results through DSC for the two H-type Pl;, homopolymers are
given and discussed below. The measurements were accomplished with a Q20 TA instrument.
The heating ramp was 5°C/min and the temperature range from -120°C to 40°C. In Figures 5.7
and 5.8 the DSC thermographs for the two Pl; 4, homopolymers of the H-type are exhibited.
The displayed thermographs correspond to the second heating process of each measurement
which involves two heating and one cooling procedures. The first heating was performed in

order to erase the history of the sample at an increased rate (commonly 10°C/min).
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Figure 5.7: DSC thermograph of the H-Pl;,-1 homopolymer indicating a T, equal to -11,93°C.
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Figure 5.8: DSC thermograph of the H-Pl3,-2 homopolymer indicating a T, equal to -9,19°C.

Analyzing the DSC result for the H-Pl;4-1 homopolymer (Figure 5.7), an
endothermic transition at approximately -12°C is observed which corresponds to glass
transition temperature. No crystallization was observed but also no melting temperature (T,)
is evident, since most of the polydienes synthesized by anionic polymerization exhibit a high
yield in atactic conformations and only T, is observed in the DSC thermographs. It has been
reported"’ that P1 with high 3,4-content (~55%) exhibited T, values approximately equal to -
30°C. The examined system was a linear triblock terpolymer of the BSI or SIB type where B
corresponds to poly(butadiene), S to polystyrene and | to poly(isoprene) enriched in 3,4-
microstructure. H-Pl;,-1 sample showed increased T, probably due to the higher content of
3,4-microstructure (~61%) and the complexity of the homopolymer architecture. Similar
results were obtained for the case of H-Pls ;-2 homopolymer, where an endothermic transition
at approximately -9°C is observed, which correspond to the glass transition temperature. In
this sample the ratio of 3,4-microstructure was calculated to be equal to 63% not that
significantly different from sample H-Pl;,-1 but the content is well above the ~55% reported
for the SBI sample in the literature. The glass transition temperatures along with the
molecular characteristics of the non-linear homopolymers of the H-type Pl;, are given in
Table 5.5.
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Table 5.5: Glass transition temperatures of the H-type Pl; 4 homopolymers along with their molecular characteristics.

— — — — i
M a M 2 M a | ¢ M d % 3,4° % 1,4° % 1,2° Ty
Samples ( (g /:zg’lr; ( (g;r)r::)zl;l ( « /:T)]‘gtla)' ol ( (g /V:zt;tr)' microstructure microstructure microstructure  (°C)
H-Pl;,-1 25,200 104,800 210,800 1,10 231,900 61 25 14 -11,93
H-Pl3,-2 30,600 96,000 192,300 1,06 203,800 63 22 15 -9,19

MO in toluene at 35°C, °(M ), Was calculated through the equation: (Mn) . ecer =L(M )i —(Mn)om X4], SFrom SEC in THF at 30°C, ‘From
combination of SEC and MO measurements, ® *H-NMR measurements in CDCl; at 25°C and "From DSC experiments
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5.4 Rheology Results of Linear and Non-Linear Homopolymers Pl3 4

The rheological measurements of the high molecular weight linear homopolymers
Pl;, and the H-shaped Pl;, homopolymers, synthesized in this thesis, are presented and
discussed. It is very important to mention that all the measurements, as well as the theoretical
considerations were conducted by Professor Wang’s group at the Morton Institute of Polymer
Science and Engineering, The University of Akron, Ohio, USA. This collaboration included
rheological studies that were performed in linear and non-linear Pl;, homopolymers, leading
to new theoretical considerations for the non-linear dynamic behavior of long chain branching
(LCB) polymers and their mixtures with the corresponding linear chains in the presence of

large external deformations in either simple shear or uniaxial extension.

5.4.1 Rheology Results of Linear Homopolymers Pl3 4

Uniaxial extension experiments were performed in the high molecular weight linear
homopolymer Pl;4-4 (notation given in a previous subchapter, Table 5.1), utilizing small
amplitude oscillatory shear (SAOS) measurements, using a Physica MCR 301 rotational
rheometer equipped with 15 mm parallel plates. All the uniaxial extension experiments were
carried out in room temperature (approximately 23°C) using a first generation SER fixture
mounted on a Physica MCR 301 rotational rheometer or a strain control rheometer ARES-LS
at a constant Hencky strain rate €, as well as an Instron Material Testing System (model
5543, maximum velocity: 1000 mm/min) that stretches the samples according to the
literature.'®

The specimens for extension experiments were made by initially preparing solutions
based on toluene followed by their casting on a PTFE plate at room temperature. The cast
solutions were left under a hood for days in order to allow slow solvent evaporation prior to
placing them in a vacuum oven to remove residual toluene. The typical dimensions of the
sample were 21 mm x 2 mm x 0.4 mm. The molecular characteristics along with rheological
properties of the Pls4-4 linear homopolymer are listed in Table 5.6.

Table 5.6: Molecular characteristics and rheological properties of the Pl; 4-4 linear homopolymer.

Mn MW M, M V_ _ % 3,4- T ng Z
Sample (g/mol)  (g/mol)  (g/mol) M, Microstructure  (s) (MPa)
Pl;4-4 330,000 356,000 7,100 1.08 58 2533 032 50

In Figure 5.9 the results from the SAOS experiments are given and exhibit the
dynamic storage and loss moduli G" and G” respectively as a function of the oscillation

frequency @, obtaining basic linear viscoelastic characteristics such as the reptation time ¢
and the elastic modulus G,ﬂ as listed in Table 5.6 above. The number of entanglements per

chain Z can be estimated as:

103



WM

W

M

e

- (pRT/GY)

S

2)

In equation (5.1) the symbols M, and My correspond to the entanglement molecular weight

and the weight average molecular weight respectively of the examined sample.
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Figure 5.9: Small amplitude oscillatory shear measurements of the Pl; ;4 linear homopolymer.

Through theoretical calculations and experimental results based on the above
mentioned linear Pl;, homopolymer, a dendritic Pl;, homopolymer'® and a linear styrene-
butadiene rubber (SBR), Prof. Wang’s group'® studied the origin of ‘strain hardening’ when
comparing the transient stress response of entangled melts to uniaxial extension with that of a
simple shear. The phenomenon originates from the difference in the kinematics between shear
and extension. Both linear chains and polymers containing long chain branches (LCB), show
strain hardening when the uniaxial extension involves sufficiently high strain rate. The
theoretical analysis showed that polymer melts would always exhibit strain hardening at
sufficient high Hencky rates, due to the fact that the entanglement network can be effectively
strengthened during extension and can only be weakened during shear.

Additionally, stress relaxation experiments were carried out in the linear response
regime for different temperatures. Typical data are shown in Figure 5.10. The stepwise shear
was produced with a high rate corresponding to the Rouse-Weissenberg number
Wi, = y7,(T) = 5 and 2.5 respectively, where y is the applied shear rate and z,(T) is the
Rouse relaxation time at the measurement temperature T. The collapse in the four sets of
stress relaxation data in Figure 5.10 confirms that the chain relaxation dynamics showed the
same temperature dependence as observed from SAOS measurements. In other words, over 3
orders of magnitude in time scales, the relaxation dynamics have the same temperature

dependence.'®®
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Figure 5.10: Stress relaxation curves of linear PI; ;4 homopolymer at four different temperatures with
amplitude of 20%.

5.4.2 Rheology Results of Non-Linear Homopolymers Pls 4

Uniaxial extension experiments were performed in the H-Pl;,-1 homopolymer
utilizing small amplitude oscillatory shear (SAOS) measurements as already reported above
for the linear Pl; 4 homopolymer. The measurements were performed by Prof. Wang’s group
at the Department of Polymer Science, College of Polymer Science and Polymer Engineering,
University of Akron, USA.

The stretching of the sample was carried out at different temperatures not a lot higher

164165 mounted on the

than its glass transition temperature, using a first generation SER fixture
ARES-LS rotational rheometer equipped with a Rheometric Scientific Oven accurate to
0.1°C. The H-Pl3, specimens were made from a dense H-Pl;/THF solution that slowly
evaporated inside a glass ring (3 cm radius) on the Kapton film. The polymer film was placed
in a vacuum oven for several days, in order to remove any residual solvent prior to cutting
them into dimensions of 20 mm x 2 mm x 0.5 (0.1) mm. The transient stress-strain curves of
SAOS were recorded on an ARES-G2 rotational rheometer from TA Instruments, based on a
pair of 8 mm parallel plates. The molecular and rheological characteristics of the sample are

listed in Table 5.7.

Table 5.7: Molecular and rheological characteristics of the H-Pl3 4-1 homopolymer.

Sample (Mn )arm Wn )connector (M” )Total M e M%— miCI’Og(;t?;”j(-JtU re G’?' 9
P (@mol)  (g/mol)  (g/mol)  (g/mol) Mh (MPa)  (°C)
H-Pl;4-1 25,200 110,000 210,800 7,000 1.10 61 0.28 -12

In Figure 5.11, the SAOS measurements are presented and the value of G is

obtained as G'at the frequency «,,, where the tans=G"(®,;,)/C'(®,;,) shows a

in

minimum. The shaded regime in the plot represents the range of effective (Hencky) rates
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applied in startup extension experiments. G'and G" are also plotted against De, (Deborah

number) as the X axis, where De, = o, .
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Figure 5.11: Small amplitude oscillatory shear measurements of the H-Pl; -1 homopolymer.

5.5 Molecular Characterization Results of Linear Diblock Copolymers

The molecular characterization results are presented and discussed for the five (5)
linear diblock copolymers of the PB-b-Pl;, type synthesized for this thesis. All samples, as
already mentioned, were synthesized through anionic polymerization by using the sequential
monomer addition method and high vacuum techniques. High 3,4-microstructure was adopted
for all Pl blocks by using a small amount (~1 mL) of a polar additive (THF). All
polymerizations were performed utilizing sec-BuL.i as initiator, benzene as the solvent and
methanol as the terminating agent of the polymerization.

As it was mentioned in Chapter 4, several methods were adopted for the molecular
characterization of these samples. Size exclusion chromatography (SEC) with THF as the
eluent at 30°C was used extensively in order to verify the narrow molecular weight
distributions of the first blocks, as well as of the final linear diblock copolymers. The
instrument was always calibrated with PS standards and the results concerning the initial PB
blocks and the final PB-b-Pl;, diblock copolymers are not reliable. In order to verify the total
number average molecular weight values for each sample, as well as the values for each Pl 4

block, membrane osmometry (MO) in toluene at 35°C was adopted. By combining the results

from these two characterization methods and using them in equation | = MW , information

n

concerning the weight average molecular weight of the initial PB homopolymers and the final
diblocks was obtained. Furthermore, another method used for the molecular characterization

of the samples, and especially to verify the high 3,4-microstructure for the Pl blocks (~55-
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65%) as well as the molecular and compositional homogeneity of the samples, was proton
nuclear magnetic resonance (*H-NMR) spectroscopy in CDClj; at 25°C.
In Table 5.8 the molecular characteristics for the synthesized linear diblock

copolymers are summarized. The molecular composition or mass fraction, f ,was calculated

via 'H-NMR measurements and by using the following equations it was possible to determine

the volume fraction ¢ of each block respectively:

fos 001
Ppg = (5.2)
" fop0p + (L fop) op

Oog + 05, =1 (5.3)
where ¢@.;, @, are the volume fractions of polybutadiene and poly(isoprene), f.; is the
mass fraction of polybutadiene and p.,, pp are the densities of polybutadiene and

poly(isoprene) respectively.

Table 5.8: Molecular characterization results for the linear diblock copolymers of the PB-b-Pl; 4 type.

Samples (M”)PBa (M”)PI : (M”)Totala1 ITotalb (MW )TotalC fPBd ¢PBe

(g/mol) (g/mol) (g/mol) (g/mol)
PB-b-Pl3,4-1 38,200 55,400 93,600 1.06 99,200 0,42 0,42
PB-b-Pl;,-2 65,100 27,300 92,400 1.05 97,000 0,71 0,71
PB-b-Pl3,4-3 58,300 40,200 98,500 1.06 104,400 0,59 0,59

PB-b-Pl;,-4 35,500 72,400 107,900 1.07 115,600 0,32 0,32

PB-b-Pl34,-5 590,200 420,300 1,010,500 1.10 1,111,500 0,59 0,59

MO in toluene at 35°C, "SEC in THF at 30°C, “From combination of SEC and MO measurements,

9From *H-NMR measurements in CDCl; at 25°C and ®From the equation Pog = Fos O, )
fop 0 + (1= fog) op)

(M), Was calculated through the equation: (M), :(Mn)mal ~(Mn)pg -

A variety of results can be concluded from the values in Table 5.8. The aim of this
study, concerning the molecular weight of the polymers, was to keep constant the total
number average molecular weight of the copolymers approximately at 100,000 g/mol. The
reason was the molecular and morphological comparison of the linear diblock copolymers
with the star copolymers that will be discussed later.

Furthermore, it is the first time in the literature that such diblock copolymers with
the specific segments and microstructure content have been synthesized and studied

morphologically with transmission electron microscopy. The only drawback that these
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diblock copolymers exhibited is that they can not be studied with small-angle X-ray scattering
(SAXS) due to the similar and almost identical electron density of the two segments involved.

Four of the diblock copolymers have an almost similar total number average
molecular weight which varies in the region of 93,000-105,000 g/mol, while the fifth sample
(PB-b-Pl34-5) exhibited high number average molecular weight (~1,000,000 g/mol).
Furthermore, a variety of compositions ranging from 32% up to 71% in mass fraction for the
PB block were observed in order to compare their morphological behavior with that of the
well-studied PS-b-PI diblock copolymer.

The volume fractions (¢ ) for the two chemically different chains are approximately
equal with the mass fractions ( f ), as they were calculated from *H-NMR, since the densities

of PB and PI segments are almost identical (0,900 g/mL and 0,903 g/mL respectively).*®®
There is no information in the literature concerning Pl with increased 3,4-microstructure,
therefore, the density used for the Pl segments in this thesis is the one corresponding to Pl
with 90% 1,4- and 10% 3,4/1,2- microstructures. In order to verify this comment two samples
(PB-b-Pl54-2 and PB-b-Pl;,4-3) of the five diblock copolymers synthesized were prepared as
needed in order to perform small angle X-ray scattering (SAXS) experiments. The
requirements were thin films with specific dimensions (thickness x diameter equal to 0.1 cm X
1 cm) and were inserted in the appropriate SAXS equipment but no matter the duration of the
experiment no contrast was evident. Also, another reason for synthesizing such high
molecular weights was to secure the microphase separation of the two domains during the
morphological characterization since the Flory-Huggins interaction parameter, y, of this
sequence has never been calculated or reported in the literature. The only research work
involving such blocks is mentioned by Avgeropoulos et al. in the literature*®**® for linear
triblock terpolymers or dendritic type block co- and terpolymers respectively in which the
third segment was always polystyrene.

In all cases PB was the first block, due to the fact that it is not possible to synthesize
Pl;4-b-PB, 4 taking into account all the requirements necessary in order to synthesize well-
defined block copolymers as described previously in the basic concepts for anionic
polymerization in Chapter 2 of this thesis. Actually, the presence of THF from the beginning
of the polymerization would increase the 1,2-microstructure of PB and no microphase
separation would be observed since as mentioned in section 3.3 of Chapter 3 only when the
3,4-microstructure of the PI is high (~55%) and that of the PB block was the usual one with
high 1,4-microstructure (~92%) microphase separation between the two blocks could be

observed (by selective and controlled staining of both chains).
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The theoretical calculations for M n values (Equation 5.4) of the PB block were
always in accordance with the experimental results obtained by membrane osmometry (MO).

Mn — gmonomer (5.4)
moles.

initiator

Three representative examples, corresponding to samples PB-b-Pl;,4-3 , PB-b-Pl; -4
and PB-b-Pl34-5, are given in Figures 5.12-5.14, where the SEC chromatographs of the first
PB blocks and the final diblock copolymers are shown. The initial PB blocks are indicated in

blue color, while the final diblock copolymers are indicated in red color respectively.
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Figure 5.12: SEC chromatographs of homopolymer PB-3 (indicated in blue color) and the final
diblock copolymer PB-b-Pl;4-3 (indicated in red color).
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Figure 5.13: SEC chromatographs of homopolymer PB-4 (indicated in blue color) and the final
diblock copolymer PB-b-Pl;4-4 (indicated in red color).
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Figure 5.14: SEC chromatographs of homopolymer PB-5 (indicated in blue color) and the final
diblock copolymer PB-b-Pl;4-5 (indicated in red color).

By observing the SEC chromatographs (Figures 5.12-5.14) of these three linear
diblock copolymers (PB-b-Pl3,-3, -4 and -5), it is evident that their molecular weight
distributions are monomodal. The presence of only one peak and their low polydispersity
indices indicates their molecular and compositional homogeneity as well as the absence of
any side and/or termination reactions during the polymerization of isoprene. In the case of
PB-b-Pl;4-5, the polydispersity index of the final diblock copolymer was increased compared
to the other diblock copolymers, since the total number average molecular weight of the
sample was sufficient high (~1,000,000 g/mol). The polymerization time was ~48 h for the
formation of the PB block and another 48 h at least for completion of the isoprene
polymerization. The chromatographs of the final copolymers were eluted in lower elution
times compared to those of the corresponding PB blocks, indicating the successful initiation
and propagation of the polymerization of the second monomer (higher final molecular weight
is produced when compared with the initial PB precursor). Similar results are derived for
samples PB-b-Pl;4-1 and PB-b-Pl;4-2 respectively.

In Figure 5.15 the SEC chromatographs of all the final diblock copolymers of the PB-

b-Pl; 4 sequence are presented.
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Figure 5.15: SEC chromatographs of all final diblock copolymers of the PB-b-Pl; 4 sequence.

The monomodal molecular weight distributions of the five linear diblock copolymers
of the PB-b-Pl3, type, indicating high molecular and compositional homogeneity for all
samples, as well as the absence of any undesired products during the synthetic procedure, are
observed in Figure 5.15. It is important to mention that this type of block copolymers are
reported for the first time and have never been reported previously in the literature.

The molecular characterization via proton nuclear magnetic resonance (*H-NMR)
spectroscopy was necessary in order to verify the composition results as produced by the
average molecular weights of both blocks by combining the results from SEC and MO since

the calculation of the mass fraction ( f ) can be derived from the ‘H-NMR spectra, as well as

to confirm the existence of the desirable 3,4-microstructure at high values (> 55%) for the PI
segments of the linear diblock copolymers.

In Table 5.9 all the proton chemical shifts for PB and Pl are given. As it is evident,
the ratio of each microstructure can be estimated via "H-NMR spectroscopy since, according
to Table 5.9, different protons generate different chemical shifts in a corresponding *H-NMR

spectrum.
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Table 5.9: Type and number of protons with the corresponding chemical shifts for protons
incorporated in the monomeric units of polybutadiene and poly(isoprene).

Polymeric Geometric Type and Chemical Shift
chain Isomerism Number of Protons (ppm)

1,4 Olefinic (2) 5,35

PB Olefinic (1) 5,60
1,2

Olefinic (2) 4,95

14 Olefinic (1) 512

P 34 Olefinic (2) 4,70

Olefinic (1) 5,82
1,2

Olefinic (2) 5,00

High 3,4-microstructure (60-65%) was obtained for the PI blocks of the five linear
diblock copolymers, while all PB blocks were enriched in 1,4-microstructure (90-92%) as it
expected, through 'H-NMR measurements. Specifically, in the synthesis procedure via
anionic polymerization in the absence of polar solvent media, the resultant microstructure of
PB segments is 90-92% 1,4- and 8-10% 1,2-, while for Pl segments is 90% 1,4- (usually 70%
cis- and 20% trans-) and 10% 3,4- as already reported in the literature. After the completion
of the polymerization of 1,3-butadiene and prior to the polymerization of isoprene, a small
amount of THF (~1 mL) was added in the solution. The resultant microstructure of the PI
segments is enriched in 3,4-content and the 1,2-microstructure is increased as well (10-15%),
while the 1,4-microstructure is sufficiently decreased (25-30%).

A 'H-NMR spectrum, except from the molar ratio of the microstructure, can also
provide information for the composition of a copolymer since through specific proton
chemical shifts the molar ratio for the segments maybe calculated and therefore eventually the
calculation of the number average molecular weight is possible. Such a procedure is possible

by calculating the molar ratio (% moles) of each block through the following equation:
Xy=—" (5.5)

where X, is the molar ratio (% moles) of A block, a, is the area of the peaks corresponding to
the specific proton chemical shifts in the *H-NMR spectrum for A block and £ is the number
of protons that cause the particular chemical shift. Specifically in the case of PB-b-Pl;,
diblock copolymers, overlapping effect is unavoidable in some proton chemical shifts,
especially for those corresponding to the one olefinic proton of 1,2-PB at ~5,60 ppm with the

one olefinic proton of 1,2-PI at ~5,82 ppm. Furthermore, the chemical shifts that correspond
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to the one olefinic proton of 1,4-Pl at ~5,12 ppm, the two olefinic protons of 1,2-PI at ~5,00
ppm and the two olefinic protons of 1,2-PB at ~4,95 ppm are as well overlapped leading to
rather difficult calculations of the various microstructures content for each segment. Despite
the overlapping by using the data from Table 5.9 in equation 5.5 and well resolved proton

chemical shifts in the 'H-NMR spectra, the following equations can be derived:

(5.8)

Q05 512
XPIM + XPILZ + XPBLZ = 5— (5.9)

Xeg = XPBM + XPBLZ (5.10)

Xor = XPIM + XPI3V4 + XPILZ (5.11)

Through the combination of the above equations (there are six equations with only
five unknown values which should be calculated) the 1,2-, 1,4-content of both blocks and the
3,4-content of Pl segment can be calculated. From the *H-NMR results of the initial PB block
involving the molar ratios of the 1,4- and 1,2-microstructures, the determination of the weight

ratio (% wt) or mass fraction ( f ) is possible, by multiplying each X value with the molecular

weight of the corresponding monomer unit according to the equation:

%wt = w (5.12)

where MW, is the molecular weight of the monomer unit for A block and parameter C is
given by C = Xz xMW,; + X, x MW, , with MWpg = 54 g/mol and MWp, = 68 g/mol
respectively. The mass fractions of PB and Pl as calculated by '*H-NMR along with the
characteristic microstructure content of each block are presented in Table 5.10. In all samples,

the 3,4-microstructure of Pl is ranging from 57% to 62%, while the mass fraction of the PB

block obtained values ranging from 0,32 up to 0,71.
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Table 5.10: Mass fractions and characteristic microstructures content of each block, as calculated by
'H-NMR spectroscopy results.

Samples foq f, %14-PB %12-PB %34-PI %14-PI % 12-Pl
PB-b-Pl;,-1 042 0,58 91 9 58 29 13
PB-b-Pl;,-2 0,71 0,29 92 8 57 30 13
PB-b-Pl;,-3 059 041 92 8 60 28 12
PB-b-Pl;,-4 0,32 0,68 90 10 62 23 15
PB-b-Pl;,-5 0,59 041 91 8 57 31 12

Two representative examples, corresponding to samples PB-b-Pl;4-2 and PB-b-Pl; 4-4
are given in Figures 5.16 and 5.17, where the "H-NMR spectra of the initial PB blocks and the
final diblock copolymers are presented. The choice of these samples was made in order to
present a ‘H-NMR spectrum of a diblock copolymer with high values of PB mass fraction
(PB-b-Pl34-2) and the other being a sample with high values of Pl mass fraction (PB-b-Pl; ;-
4) in order to observe the differences in the height of the specific proton chemical shifts in
each case through which the molar fraction is calculated.
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Figure 5.16: *H-NMR spectra of the initial homopolymer PB-2 and the final diblock copolymer PB-b-
Pl3,-2.
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Figure 5.17: *H-NMR spectra of the initial homopolymer PB-4 and the final diblock copolymer PB-b-
Pls4-4.

The intensity of the "H-NMR signals is displayed along the vertical axis of a spectrum
and is proportional to the molar concentration of the sample. It is clearly understood from the
above 'H-NMR spectra that in both linear diblock copolymers, PI exhibits high 3,4-content
and through calculations by using the equations mentioned above (equations 5.6-5.12), PB-b-
Pl;4-2 sample is enriched in 3,4-microstructure by a value of approximately 57%, while PB-
b-Pl; ;-4 exhibits ~62% 3,4-content respectively.

Furthermore, the PB block exhibits high 1,4-microstructure ~92% in sample PB-b-
Pl34-2, whereas in PB-b-Pl; ;-4 the PB block exhibits ~90% 1,4-content. The values of mass
fractions of PB for PB-b-Pl;4-2 and PB-b-Pl;,-4 were calculated to be 0,71 and 0,32
respectively. It should be mentioned that the proton chemical shifts appearing at
approximately 7,2-7,3 ppm correspond to the deuterated chloroform (CDCl3) which is the
solvent used to dilute each sample. Similar *H-NMR spectra were obtained for the remaining
three linear diblock copolymers of the PB-b-Pl; 4 type and the obtained results are thoroughly
exhibited in Table 5.10.
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5.6 Thermal Analysis Results of Linear Diblock Copolymers

Differential scanning calorimetry was employed for the thermal analysis of the five
linear diblock copolymers of the PB-b-Pl3, type. DSC can provide very useful information
concerning the glass transition temperature, melting point and the crystallization of a
polymeric material. The specific technique may also provide useful information concerning
the glass transition temperature of block copolymers and conclusions concerning the
miscibility of the blocks involved in the examined material can be derived. More specifically
for a diblock copolymer, if two glass transition temperatures exist, similar in value to the
glass transition temperatures of the corresponding homopolymers, then the two different
blocks are considered immiscible and during self-assembly they will lead to well-defined
microphase separation. If three different glass transition temperatures exist (two slightly
different from the values for the corresponding homopolymers and one somewhere in
between), then the two blocks are miscible and the morphological studies will lead to weakly
separated phases due to partial mixing. Finally, when only one glass transition temperature
appears with a value between the glass transition temperature of the two blocks, it indicates
that there is a homogenous mixture of these two components with no phase separation.

7

Fox and Flory®® established a relationship between T, and the number average

molecular weight of a polymer. This equation is presented below:
T, =T,"—KM,  (5.13)

where, T, is the glass transition temperature of a polymer with infinite M and K is a
constant characteristic of a given polymer. This equation indicates that beyond a significant
value of M, (~20,000 g/mol), the T, of a polymer is equal to Tg“and therefore will not be
affected by the number average molecular weight when that is relatively high in value (as is

evident from the molecular characteristics for both blocks in Table 5.8 the lowest M for the
PB block is 35.500 g/mol and 27.300 g/mol for the PI, therefore no dependence from the
molecular weight should be evident for the T, values of both blocks for all five diblock
copolymers of the PB-b-Pl; 4 sequence.

The glass transition temperature (T) of PB;4 (90-92% 1,4-microstructure) is ranging
from -90°C to -85°C, while the T, of PI varies from -30°C to -10°C, depending on the high
content of the 3,4-microstructure of the PI blocks, as already mentioned. For comparison
reason the T, value of PI blocks synthesized in non-polar solvent media, therefore exhibiting
high 1,4-microstructure (90-92%), is approximately equal to -60°C, well below to the value

for the Pl; 4 blocks synthesized in all samples of this thesis.
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The measurements were accomplished with a Q20 TA instrument. The heating ramp
was 5°C/min and the temperature range from -120°C to 40°C for all heating and cooling
cycles.

In Figures 5.18-5.22 the DSC thermographs for the five linear diblock copolymers
synthesized for this thesis are given. The displayed thermographs correspond to the second
heating procedure of each measurement. The first heating was performed in order to erase the

history of the sample at a specific rate (commonly 10°C/min).
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Figure 5.18: DSC thermograph of the PB-b-Pl;,-1 diblock copolymer indicating T, of PB equal to -
91,46°C and T of Pl3, equal to -7,99°C respectively.

Analyzing the DSC results for sample PB-b-Pl;4-1 (Figure 5.18), two endothermic
transitions at approximately -91°C and -8°C are observed which correspond to the glass
transition temperatures of PB and Pl 4 respectively. The relatively high value of the T4 of Pl3,
is due to the high 3,4-content (~57%). Crystallization and melting point temperature (T, are
not evident in the thermograph, in the temperature regime used for the DSC experiment. The
existence of two glass transition temperatures, similar to the glass transition temperatures of
the corresponding homopolymers, leads to the conclusion that the two different blocks are

totally immiscible.
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Figure 5.19: DSC thermograph of the PB-b-Pl;,-2 diblock copolymer indicating T, of PB equal to -
91,35°C and T of Pl3, equal to -7,11°C respectively.
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Figure 5.20: DSC thermograph of the PB-b-Pl;,-3 diblock copolymer indicating T, of PB equal to -
91,63°C and T of Pl3, equal to -10,98°C respectively.
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Figure 5.21: DSC thermograph of the PB-b-Pl;,-4 diblock copolymer indicating T, of PB equal to -
92°C and T, of Pl equal to -17,91°C respectively.
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Figure 5.22: DSC thermograph of the PB-b-Pl;,-5 diblock copolymer indicating T, of PB equal to -
92,25°C and T of P34 equal to -5,12°C respectively.

Analyzing the DSC results for the other four samples (PB-b-Pl;,4-2, PB-b-Pl;4-3, PB-
b-Pl34-4 and PB-b-Pl;,4-5) (Figures 5.19-5.22) two endothermic transitions were obtained as
well in each case, corresponding to the glass transition temperatures of PB and Pls,
respectively.

A major discrepancy to the glass transition temperature of the PI block is exhibited
for sample PB-b-Pl;,-4 where the T, value of Pl;, was calculated approximately equal to -
18°C. This low value, maybe attributed to the fact that this sample is the only one with very
high volume fraction in PI, (0,68). The 3,4-content for the PI in this case is approximately

62% (the highest among the other diblock copolymers, Table 5.10) and it was expected to
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obtain a higher (T,)p value in controversy to what was observed for the corresponding values
in the other three diblock copolymers with similar number average molecular weights. This
differentiation in value may also be attributed to the fact that the PI in the specific sample
exhibits the lowest 1,4-content (23%) and the highest -1,2 (15%), when compared with the
other diblock copolymers. Furthermore, the T, values obtained for the high molecular weight
PB-b-Pl; 4 sample were approximately equal to those of the aforementioned similar in block
sequence diblocks. Two glass transitions were evident: -92°C for the PB block and -5°C for
the PI block respectively (Figure 5.22). Therefore, although the total number average
molecular weight of the sample is sufficient high, approximately an order of magnitude, it is
evident that due to the flexibility of the chains and the basic property of the specific materials
(100% elastomers) the glass transitions are not affected. These results led to the conclusion
that in very high molecular weights, the Ty is still independent from the number average
molecular weight, as described by Fox and Flory equation (Equation 5.13) despite the
questionable effect of the limited configurational rotations of the larger chain segments
without interfering with the chain in total, due to the increased molecular characteristics of the
sample.

In all samples, the existence of two glass transition temperatures, led to the
conclusion that the two different blocks are completely immiscible. The glass transition
temperatures along with the molecular characteristics of the linear diblock copolymers of the

PB-b-Pl; 4 type are summarized in Table 5.11.

Table 5.11: Glass transition temperatures (Tg) of the linear diblock copolymers along with their molecular characteristics.

(M”)PBa (M“)Pla (M”)Totala (MW)TotaIC ITotalb fPBd (DPBG (TQ)PBf (rg)Plf

Samples o) (@/mol)  (g/mol)  (g/mol) c) (o

PB-b-Pl;,-1 38,200 55,400 93,600 99,200 1.06 0,42 042 9146 -7,99
PB-b-Pl;,-2 65,100 27,300 92,400 97,000 1.05 0,71 0,71 913 -711
PB-b-Pl;,4-3 58,300 40,200 98,500 104,400 1.06 0,59 059 -9163 -10,98
PB-b-Pl;4-4 35,500 72,400 107,900 115,600 1.07 0,32 032 -92,00 -17,91

PB-b-Pl;,-5 590,200 420,300 1,010,500 1,111,500 1.10 0,59 059 -9225 512

#MO in toluene at 35°C, "SEC in THF at 30°C, “From combination of SEC and MO measurements, °From *"H-NMR
measurements in CDCl; at 25°C ,

*From the equation: Pog = foe O and "From DSC experiments.
foap + 0= Tog) op

(M), Was calculated through the equation: (M), =(Mn)mal ~(Mn)pg -
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5.7 Morphological Characterization Results for the Linear Diblock Copolymers
The morphological characterization of the linear diblock copolymers synthesized for
this thesis was accomplished by transmission electron microscopy (TEM) studies.

Transmission electron microscopy (TEM)*81%°

is a technique where an electron beam is used
in order to observe images of samples in the nanoscale. The main advantage of using
electrons instead of light is that they provide at least three (3) orders of magnitude increased
resolution since they are smaller than atoms. The resolution provided by a visible-light
microscope is in most approximately 200 nm, while for an electron microscope it can go
down as low as 0.1 nm or lower depending on the accelerating voltage. Many of the features
that control the properties of materials are in a scale well below 200 nm, therefore, the need in
nano-materials science and engineering to image their structure, even down to atomic level is
a necessity in order to understand and ultimately control the properties of various types of
materials. In electron microscopy, the sample is exposed to an electron beam and through the
interaction of the electrons with the sample, information for its structure is received.

Magnetic lenses are used in order to focus the electron beam on the studied specimen
each time. Electrons have a wavelength (<0,1 nm) up to 100,000 times smaller than visual
light (~560 nm). The result is that objects can be detected 400-1000 times bettter than optical
microscopes and 200,000 times better than the human eye with magnifications up to
1,000,000 times without the loss of any details. A major issue is that the human eye cannot
see these specific wavelengths, therefore, a screen is needed (e.g. monitor or special
photographic film) in which the electron collision is transformed to visible irradiation
transmittance. It should be noticed that the electron wave length depends on the accelerating
voltage of the instrument and therefore higher kV concludes to smaller electron wave lengths
and eventually better resolved images even in high magnifications.

The use of electrons instead of X-rays is enforced since it is necessary to focus the
beam whereas X-rays interact very weakly with matter and cannot be focused. Electron
beams can be focused with the use of special magnetic lenses (e.g. condenser lens).

The image that appears on the viewing screen of a TEM depends on the image
contrast. The electron beam can change both its amplitude and phase as it goes through the
specimen and both types of change lead to image contrast. Thus, a fundamental distinction
that is made in the TEM is between amplitude and phase contrast. In most cases, both
contrasts contribute to an image but there is a tendency to select conditions in order for only
one to dominate. There are two principal types of amplitude contrast: mass-thickness and
diffraction contrast. Mass-thickness contrast is resulted from variations in mass or thickness
of the specimen or a combination of both due to the fact that electrons interact, by incoherent
elastic scattering, with more or less material which means more or less mass. Alternatively,

diffraction contrast rises from coherent elastic scattering and can only vary locally since the
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specimen is not a perfect, uniformly thin film. Consequently, thicker or less crystallized areas
of the specimen scatter electrons more and appear darker.

Polymers are very sensitive in the electron beam. Enhanced exposure at the electron
beam may cause the polymers to degrade, crosslink and loose mass or even loose the whole
specimen due to its sensitivity in the electron beam. Furthermore, polymers are composed
from compounds which are almost chemically identical and therefore the blocks involved
exhibit in most cases almost identical electron density leading to low contrast and microphase
separation is not evident. The contrast in bright field microscopy is due to thickness contrast
and the change in the atomic number (difference in electron density).

There are several ways to increase mass-thickness contrast by using smaller objective
apertures, by alternating the beam accelerating voltage or by chemically staining the sample
with specific strainers such as heavy metal oxide compounds [e.g. osmium tetroxide (OsOy,)
or ruthenium tetroxide (RuO,)]. Staining involves the incorporation of electron dense atoms
into the polymer structure in order to increase the density through crosslinking and thus
enhance the image contrast.

In block copolymers where one of the blocks is a polydiene, the most commonly used
staining compound are diluted vapors of osmium tetroxide (OsO,) in an aqueous solution
which react with the carbon-carbon double bonds enhancing the image contrast due to cross-
linking and the electron scattering due to the heavy metal. This cross-linking is a chemical
reaction which causes hardening and increased density for the stained polymer chains. The
high vapor pressure of OsQ, is beneficial, making vapor staining of sample sections possible.
However, this vapor pressure, along with the toxicity of the compound and the limited
exposure time, makes it extremely dangerous to handle and appropriate care must be taken.

The reaction that takes place is shown in Figure 5.23:

~ e

-~ 208
~ e | | ~C=C \ /
c=cC + 0sO, — » O - » 05
e ~ 4 \ /O /3
07

0 © >c—c(

Figure 5.23: Chemical reaction of osmium tetroxide (OsO,) with the double C-C bonds of a polydiene.

The result of this staining is that the polydiene phases appear darker while the phases
of the other blocks appear brighter. This method is commonly used in polystyrene-polydiene
copolymers since OsO,4 does not react with polystyrene. Similar results are provided with
ruthenium tetroxide (RuQ,) vapors which reacts with polystyrene by destroying the aromatic

ring of the PS monomeric units (Figure 5.24) indicating the extreme reactivity of the stainer.
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Figure 5.24: Chemical reaction of ruthinium tetroxide (RuOy) withothe aromatic ring of the PS
monomeric units indicating its high reactivity.

From this result it is easily understood that RuO, cannot be used in cases where all
blocks of the specimen bear double bonds since all will be stained and the final TEM image
will be a homogeneous dark phase. Therefore, it is evident that the stainers should be used
with caution, extreme care but also with understanding of what their result will be in the
studied specimen. There are various types of stainers used in polymer science depending on
the type of segments and the atoms present per monomeric unit of each block.*®®

Except from TEM, small angle X-ray scattering (SAXS) is an important technique for
the morphological characterization of block copolymers in order to verify the observed
structure by TEM morphology. Both TEM images and SAXS plots can provide unique
information concerning the microphase separation of linear diblock copolymers and their
structure/properties relationship. Nevertheless, in this study it was not possible to employ
SAXS, since the electron densities of PB and Pl are considered equivalent.170

A wide variety of volume fractions was targeted and synthesized in order to study the
alternations of microphase separation of PB-b-Pl;,4 type linear diblock copolymers in regard
with the variation in composition, the interaction parameter y and the different values of
molecular weight. The total number average molecular weight of the four linear diblock
copolymers was kept constant, ranging from 92,000-107,000 g/mol as it is evident from
Tables 5.8 and 5.11, where the molecular characteristics of the specific diblock copolymers
are given. The degree of polymerization N for a linear diblock copolymer can be easily
calculated from the following equation:

—PB  —FPI

M. M,

N =N +N =t —
PB—b—Pl;, PB Pl3, PB PI
My My

(5.14)

where M [® =54 g/mol, is the molecular weight of 1,3-butadiene (monomer of PB) and M "

=68 g/mol, is the corresponding molecular weight of isoprene (monomer of PlI).

As reported previously, five (5) samples were synthesized in an effort to understand
the fundamentals of the microphase separation for this system, which have not been reported
yet in the literature. The volume fractions for all five samples were calculated by using

equation 3.6 (already mentioned in Chapter 3 of this thesis):

123



f,d
P =t d, s,
where, A corresponds to PB and B to PI, while da = 0,900 g/ml is the density value of PB
and dg = 0,903 g/ml is the density value of PI respectively. The volume fractions are
presented in Table 5.12.

Table 5.12: Molecular characteristics, volume fractions and degrees of polymerization (N) for the
linear diblock copolymers of the PB-b-Pl; 4 type.

(Mn)psa (Mn)ma (mn)Totala ITotaIb (DPBC (Dplc N PB—b-PI, ,

d

|
Samples —mol)  (g/mol)  (g/mol)
PB-b-Pl;,-1 38,200 55,400 93,600 1.06 0,42 0,58 1522
PB-b-Pl34-2 65,100 27,300 92,400 1.05 0,71 0,29 1606
PB-b-Pl;,-3 58,300 40,200 98,500 1.06 0,59 0,41 1670
PB-b-Pl;,-4 35,500 72,400 107,900 1.07 0,32 0,68 1722
PB-b-Pl;4-5 590,200 420,300 1,010,500 1.10 0,59 0,41 17110
®MO in toluene at 35°C, °SEC in THF at 30°C, °From *H-NMR measurements in CDCl; at 25°C and
through the equation ¢, = fes O ,
fop0p + (1= fog) o)
Mo My

d .
From the equation: NPB—b—PIM =Npg + NPIM = WJrW
0 0

(M), Was calculated through the equation: (M), = (Mn);y —(Mn)pg -

Another important aspect of the PB-b-Pl;, copolymers system is that the interaction
parameter y is yet unknown. Furthermore, the restrictions concerning the electron densities of
both PB and PI, do not allow SAXS measurements in order to calculate the interaction
parameter y, by studying the order-disorder transition as a function of temperature. The Flory-
Huggins interaction parameter y is inversely proportional to the temperature as already
mentioned in Chapter 3 (equation 3.3: y = aT™ + f3).

An another equation that is used in order to calculate y, ignoring the effect of volume

fraction ¢ and the elasticity parameter ¢ and considering only the enthalpic conditions is

presented below:

Vv
=——(5,-5.)° (515
X kBT(A 5)" (5.15)

where, V corresponds to the segmental volume of the monomeric units of A and B,

considering the densities of A and B chains respectively, k; corresponds to the Boltzmann’s
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constant, while ¢, and &, are the solubility parameters of A and B polymers respectively.

From the above equation, it is obvious that when the solubility parameters of A and B
polymers are too close, then the value of the interaction parameter y is very low and no
microphase separation of the two blocks will occur except only when N exhibits very high

values. Furthermore, V can be calculated through the equations:

V= (VAVB )1/2 (5.16)

V, = MW, (5.17)
dANA

V, = MW (5.18)
dBNA

where, MW, and MW, are the molecular weights of the monomer unit for A and B block
and d, and d; the densities of A and B blocks respectively. Through the above equations
theoretical calculations of the interaction parameter Ko, i, = 0.0012 for the PBy4-Pl;4

system, were confirmed experimentally.**®

The sample preparation for the molecular characterization results, especially for TEM
measurements, is very important. Casting must be performed in a non-selective solvent for
several days in order to promote the formation of equilibrium morphologies. All linear
diblock copolymers synthesized were cast from a dilute solution (~4 wt%) in toluene (an
almost non-selective solvent for both segments) and the procedure for slow evaporation of the
solvent was accomplished in approximately 7 days. Then, each film was separated in two
equal amounts in order to study morphologically the unannealed and annealed thin sections.
Thermal annealing was performed for 5 days at 50°C. Then, each film was removed from the
annealing oven and quenched in liquid nitrogen in order to avoid any alternation of the
formed morphology due to slow cooling to room temperature. As long as casting and
annealing are properly accomplished, the films of the samples should be further elaborated by
ultramicrotoming and staining in order to be used for TEM studies and images in bright field
mode can be taken indicating well resolved microphase separation.

Initially, part of the films was ultra-microtomed in order to obtain very thin sections
(~40-50 nm) at -100°C and the sections were picked up on 600 mesh copper grids. Cryogenic
conditions were employed for increasing the hardness of each sample since the sectioning
temperature was below the lower T4 of the blocks (T4 of PB and Pl;, are -90°C and -10°C
respectively). Furthermore, selective staining was necessary, since the intrinsic difference in
electron density of PB and PI blocks does not provide adequate mass thickness image contrast
(both blocks are exclusively consisted from carbon and hydrogen atoms). The grids were

placed on a glass slide and under extreme precautions (glasses, mask and gloves are necessary

125



to avoid any exposure) the glass slide was inserted in the vapors of a 4% w/w aqueous
solution of OsO, for selective staining of the two diene domains for approximately 1 h,
depending on the quality of the stainer solution (time it has been stored and under which
conditions). It should be noted that the staining time in the vapors of a 4% OsO,-water
solution is very crucial, since the two dienes could be over-stained, yielding to a misleading
apparent one-phase contrast. Staining for 1 h or less allows distinction of the two types of
polydiene domains.

Figure 5.25 indicates the procedure and device involved for staining the sections
already mounted in the Cu grids with OsO,.

Ny
o g
Glass joint f i i TEM grids
— insertion } { Frome.g. Cu
S - P
| |¢j[ 3 IanzT] )
{rf_ﬂ Glass slide holding the grids
Environment [
sl condensed in

050, vapors T
Area where the OsO, water solution is kept
(water solution in 2% w/w, heavy metal compound
Very careful use)

The use of joints and proper glassware is
necessary in order to avoid the loss of the grids

Figure 5.25: Schematic illustration of the device containing the aqueous solution of OsO, and the
procedure involved for staining the sections on the Cu grids. It is evident that specific glassware is
used in order to avoid contamination of the outside environment with OsO, (toxic) and of course for
avoiding loss of the grids.

Microphase separation was evident in all five diblock copolymers indicating that the
choice of the molecular weights leading to relatively high total degree of polymerization per
sample was correct. The observation of well identified morphologies leading to alternating
lamellae and hcp cylinders in all cases indicates as well that the Flory-Huggins interaction
parameter is at least an order of magnitude higher than the one reported above for the case of
PBy4-b-Pl;, diblock copolymers which was calculated theoretically and proven

experimentally™

as already discussed. If the specific chi (y = 0.0012 at ambient conditions) is
multiplied by the total degree of polymerization (values taken from Table 5.12) for the first
four samples the result is below 2 and for the high molecular weight sample the value is
approximately 20.5. Furthermore, by doing the annealing at 50°C no microphase should be

observed since the N would have been even lower. The results obtained from the TEM
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studies are well resolved phases and actually annealing not only changes the morphology (if
the samples were weakly segregated) but improves the order, leading to the important
conclusion that the yN of the first four samples are at least in the intermediate segregation
limit, whereas the high molecular weight sample is very strongly segregated. The TEM
images obtained from the stained sections of the five linear diblock copolymers, thermally
annealed and unannealed are presented below in Figures 5.26-5.30.

From Table 5.12 the volume fraction of PB for all samples is evident. Actually what
is evident is that despite the fact that the total number average molecular weight of the first
four samples (PB-b-Pl34-1 up to PB-b-Pl;,-4) is kept constant the PB volume fraction varies
from 0.32 up to 0.71 (for the fifth sample the comparison is not made with the first four
samples since the total number average molecular weight is one order of magnitude higher).
The PB volume fractions are 0.32 (sample—4), 0.42 (sample-1), 0.59 (sample-3) and 0.71
(sample-2) leading to the fact that if the theoretical and experimental information on
microphase separation of the well-studied PS-b-PI diblock copolymers are adopted the
following morphologies should be expected:

Sample-4, ¢pp = 0.32: A cubic structure, double gyroid, with networks of the
minority component (PB) in the matrix of the majority (PI) should be observed. In contrast,
hexagonally closed packed cylinders of the minority component (PB) in the matrix of the
majority (PI) is the adopted morphology. Since PB and Pl;, are very flexible chains it seems
that the ability to adopt such a complex architecture may not be possible due to entropic as
well as enthalpic constrains leading to a less thermodynamically demanding topology such as
the hcp cylinders of the minority phase in the matrix of the majority.

Actually, this assumption is verified by the TEM images in Figure 5.26 where dark
grey hexagonally packed cylinders of PB in the white/grey matrix of the Pl phase is evident.
In this case it would be of great interest to prepare binary blends of the diblock copolymers
with either homopolymer PB or homopolymer Pl;, in order to explore whether the double
gyroid will appear in the volume fraction regime 0.27-0.34. If it will not appear then the
specific system studied indicates a major discrepancy with the microphase separation of the

well-studied PS-b-PI diblock copolymer system.
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Figure 5.26: Bright field TEM images from thin sections of the: (a) annealed PB-b-Pl;4-4 sample and
(b) unannealled PB-b-Pl; 4-4 sample with gpg = 0,32. In both TEM images hexagonally closed packed
cylinders of the dark grey phase (PB) in the white matrix (Pl 4) is observed with better order indicated
in the annealed sample.

Sample-1, ¢ppp = 0.42: Alternating lamellae of the two different phases should be
adopted. The TEM images in Figure 5.27 completely verify this morphology (alternating dark
grey and white/grey layers are evident) in which the one layer (PB) is slightly smaller in
dimensions when compared with the other layer, verifying therefore the volume fraction and
no discrepancy is encountered with the morphology predicted by the phase diagram of the PS-

b-P1 diblock copolymer system (as in the case of sample-4).
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Figure 5.27: Bright field TEM images from thin sections of the: (a) annealed PB-b-Pl;4-1 sample and
(b) unannealled PB-b-Pl34-1 sample with gpg = 0,42. In both TEM images alternating lamellae
morphology is observed. The order is not that different between the annealed and the unannealed
sample.

Sample-3, ¢pp = 0.59: As in the case of sample—1 alternating lamellae of the two
different phases should be evident. The TEM images in Figure 5.28 as well verify this
assumption with the only difference when compared with sample — 1, being the reversibility
in the layer thickness. In this case the PB layer (dark grey) is slightly larger from the Pl layer,
verifying, therefore, the volume fraction from the molecular characterization studies and as
well no discrepancy is encountered with the morphology predicted by the phase diagram of

the PS-b-P1 diblock copolymer system (as in the case of sample—4).
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Figure 5.28: Bright field TEM images from thin sections of the: (a) annealed PB-b-Pl;4-3 sample and
(b) unannealled PB-b-Pl3,-3 sample with ¢pg = 0,59. In both TEM images alternating lamellae
morphology is observed. The order is not that different between the annealed and the unannealed
sample.

Sample-2, ¢pp = 0.71: Finally for this sample the PB volume fraction is that high
leading to the expectation of double gyroid, with networks of the minority component in the
matrix of the majority. In contrast, hexagonally closed packed cylinders of the minority
component (PI) in the matrix of the majority (PB) is the adopted morphology. The only
difference from sample—4 described above is that now the networks should be filled with P1 in
the PB matrix if the DG structure was adopted for sample-2. Since for the PS-b-PI system the
phase diagram of yN versus ¢ (volume fraction) is symmetric, this means that the double
gyroid morphology is an indicative and stable structure in both sides, whether the volume
fraction of the one component is lower or higher than that of the other block. The explanation
for the Pl hcp cylinders in PB matrix instead of 3D Pl networks coincides with what is
already mentioned for sample—4, therefore a more comprehensive study through binary
blends should be made as well, in order to verify the complete absence of the DG structure or
its existence in a more narrow volume fraction regime than 0.27-0.34 and 0.66-0.73 already
reported for the PS-b-PI diblock copolymer system.
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Figure 5.29: Bright field TEM images from thin sections of the: (a) annealed PB-b-Pl;4-2 sample and
(b) unannealled PB-b-Pl;4-2 sample with gpg = 0,71. In both TEM images hexagonally closed packed
cylinders of the white phase (Pls,) in the dark grey matrix (PB) is observed with better order indicated
in the annealed sample.

In order to fully comprehend the comparison with the PS-b-PI diblock copolymer, in
Figure 5.30 the phase diagram is given as reported in the literature in order to point out the
symmetry of the specific phase diagram as well as to indicate where the four samples with the
specific volume fractions are located. By taking into consideration the TEM results together
with the degree of polymerization values from Table 5.12 for sample PB-b-Pl34-2 (¢pg = 0.71,
Nt = 1606) and PB-b-Pl34-4 (pps = 0.32, Ny = 1722) in which hcp cylinders were
observed instead of DG structures the yN value should be equal or above 55 in order to
observe the cylindrical morphology. It is clearly understood that the yN value will be the
lowest in the annealed samples. Therefore:

55
(ZN)sample—z = 55 = Zsample_z = ﬁ = lsample—z = 0034

55
(IN)sample—4 =55= Zsample—4 = E = Zsample—z =0.032
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From the above results it seems that the Flory Huggins interaction parameter at 50°C
is approximately equal to 0.033 if the average value is taken from the above equations. Since
the value is almost identical in both cases and taking into consideration that for the remaining
two samples (PB-b-Pl34-1 / Ny = 1522 and PB-b-Pl34-3 / Ny = 1670), which exhibit

alternating lamellae, the following calculations can be made:
(N qampies =@ => @ =0.0331522 = a =50.2

(N) sanpie s =D =>b =0.033:1670 = b =55.1

These values are as well indicated in Figure 5.30. The conclusion that all these four
samples should exhibit approximately equal yN is expected since the total number average
molecular weight was kept approximately constant. It is evident that 3 out of 4 samples
exhibit almost similar yN values with the only discrepancy in sample-1 which exhibits the

lowest N, therefore the lowest yN.
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Figure 5.30: Mean field phase diagram within the SCFT approximation for conformationally
symmetric diblock copolymers constructed by Matsen. The different phases are: L: lamellar, C:
hexagonally close packed cylinders, S: spheres packed in a bcc lattice, G: bicontinuous la3d cubic
(double gyroid), Scp: closed packed spheres.”” In the phase diagram with round circles the four
diblock copolymers are indicated. The red color corresponds to sample - 4 (ppg = 0.32), the blue to
sample -1 (ppg = 0.42), the green to sample — 3 (pps = 0.59) and finally the brown to sample — 2 (ppg =
0.71).2"

The main reason for synthesizing the high molecular weight sample was evidently to
explore whether microphase separation would occur as well since it is the first time that

microphase separation is evident in linear diblock copolymers being exclusively 100%

132



elastomers. The TEM results suggest that this sample is very well microphase separated and
exhibits alternating lamellar morphology as expected since the PB volume fraction is 0.59
identical with sample — 3 in which the same morphology was evident. The darker domains
correspond to the heavily stained with vapors of OsO, PB, 4 chains, while the lighter domains
correspond to slightly stained Pl;, segments as explained thoroughly already in the literature
(Figure 5.31)."

Since the electron densities of the two polydiene chains are approximately equal no
SAXS results are given for the diblock copolymers. The dy, spacing of the observed
morphologies can be calculated approximately by the TEM images and varies from 45 to 55
nm for the first 4 samples and 130 nm for the higher molecular weight diblock sample
respectively. Therefore, it is evident from the TEM images of the diblock copolymers that the
sequence of the polydiene blocks with the specific microstructures leads to well defined
topologies almost identical to those reported for PS/PI1 diblock copolymers in the literature.

Figure 5.31: TEM images from thin sections of the: (a) annealed PB-b-Pl;4-5 sample and (b) lower
magnification image again of the annealed PB-b-Pl;4-5 sample. In both TEM images alternating
lamellae morphology is observed.
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5.8 Molecular Characterization Results of Miktoarm Star Copolymers

The molecular characterization results are presented and discussed for the eight (8)
miktoarm star copolymers of the PB(Plz4), and PB(Plz4); type respectively. All samples, as
already mentioned, were synthesized via anionic polymerization and high vacuum techniques
in combination with chlorosilane chemistry. The reagents used were: benzene as solvent, sec-
BuLi as initiator, THF as the polar media for the achievement of the desirable high 3,4-
microstucture for PI, trichloromethylsilane (CH3SiCl;) and tetrachlorosilane (SiCly) as the
linking agents and methanol as the terminating agent for all the polymerizations. It is
important to mention that these types of miktoarm star copolymers were synthesized for the
first time and have never been reported in the literature.

The eight samples were divided in four (4) sets [four samples per sequence either
PB(Pl34), or PB(Pl34)s]. The volume fraction regime for the PB block as well as the total
number average molecular weight of the non-linear copolymers were approximately equal to
those documented for the four (4) lower molecular weight diblock copolymers, thus each
diblock copolymer corresponds to a set of miktoarm star copolymers. The reason for keeping
almost constant both total molecular weight and PB block volume fraction in the linear
diblock and the non-linear copolymers was to compare their structure/properties relationship
and verify in such systems the influence of non-linear architecture in self-assembly. It should
be noted here that it is the first time such a study is performed in exclusively 100%
elastomers.

As it was mentioned in previous chapters, several methods were adopted for the
molecular characterization of these samples. Size exclusion chromatography (SEC) with THF
as the eluent at 30°C was used extensively in order to verify the narrow molecular weight
distributions of the PB and Pl 4 blocks, as well as of the final star copolymers. The instrument
was always calibrated with PS standards and the results concerning the PB and Pl;4 blocks as
well as the final star copolymers are not reliable. In order to verify the total number average
molecular weight values for each sample, as well as the values for each Pl;, block,

membrane osmometry (MO) in toluene at 35°C was adopted. By combining the results from

these two characterization methods and using them in equation: | = —" information
n

concerning the weight average molecular weight of the PB and Pl;, homopolymers and of the
final star copolymers was obtained. Furthermore, another method used for the molecular
characterization of the samples, and especially to verify the high 3,4-microstructure for the PI
blocks (~55-65%) as well as the molecular and compositional homogeneity of the samples,

was proton nuclear magnetic resonance (*H-NMR) spectroscopy in CDCls at 25°C.
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In Table 5.13 the molecular characteristics for the synthesized star copolymers are

summarized. The molecular composition or mass fraction, f , was calculated via *H-NMR

measurements and by using the same equations (5.2 and 5.3), as in the case of the linear

diblock copolymers, the values of the volume fractions of each segment were determined.

Table 5.13: Molecular characterization results for the star copolymers of the PB(PI34), and PB(Pl34)3 types.

b

d

€

Samples (M n)PBa (M n)PI : (M ”)Totala ITotaI (M W)Totalc fPB Prg
P (g/mol) (g/mol) (g/mol) (g/mol)
PB(Pl3s-),-S; 43,100 35,300 107,300 1.08 115,900 0,41 0,41
PB(Pl34-)s-S, 43,100 23,800 109,400 1.07 117,000 0,40 0,40
PB(Pl34-),-S3 61,500 16,700 92,400 1.06 97,900 0,67 0,67
PB(Pl34-)s-S4 61,500 9,800 88,200 1.08 95,200 0,69 0,69
PB(Pl34-),-Ss 55,200 22,800 98,100 1.06 104,000 0,57 0,57
PB(Pls4-)s-Se 55,200 15,600 100,300 1.07 107,300 0,56 0,56
PB(Pl34-),-S; 27,500 34,500 94,500 1.05 99,200 0,30 0,30
PB(Pl34-)3-Sg 27,500 25,700 101,600 1.05 106,700 0,28 0,28

aMO in toluene at 35°C, "SEC in THF at 30°C, “From combination of SEC and MO measurements,

From *H-NMR measurements in CDCl; at 25°C and ®From the equation Pog = fea O, .
fog o + (0= fog) Pp)

A variety of results can be concluded from the values in Table 5.13. The aim of this
study, concerning the molecular weight of the polymers, was to keep constant the total
number average molecular weight of the star copolymers approximately equal to 100,000
g/mol with volume fractions almost identical with those of the corresponding linear diblock
copolymers.

For example, concerning the first set of samples the PB-b-Pl;4-1 linear diblock

copolymer exhibited a volume fraction for the PB block equal to 0.42, while ¢, of

PB(Pl34),-S; and PB(Plz4)s-S, was equal to 0.41 and 0.40 respectively. The reason was the
molecular and morphological comparison, of the linear diblock copolymers with the
corresponding star copolymers.

Furthermore, it is the first time in the literature that such star copolymers with the
specific segments and microstructure content have been synthesized and studied
morphologically with transmission electron microscopy. As it was mentioned previously, the
only drawback, that this type of copolymers exhibit, is that they cannot be studied with small-
angle X-ray scattering (SAXS) due to the similar and almost identical electron density of the

two segments involved.
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For all miktoarm star copolymer samples the total number average molecular weight
varied in the region of 88,000-109,000 g/mol, in agreement with the corresponding values
mentioned already for the linear diblock copolymers. Additionally, the number average
molecular weight of the PB arms for each set is identical, as it was mentioned already in
Chapter 4 (experimental section). Furthermore, a variety of compositions ranging from 28%
up to 69% in mass fraction for the PB segment were obtained in order to compare their
morphological behavior with that of the linear diblock copolymers as well as with that of
related PS(PI), copolymers, where n=1, 2, 3 respectively. It is important to mention that the
PS/PI system has been thoroughly studied not only in its linear sequence but also as miktoarm
star copolymers of the AB,, type, wheren > 1.

The volume fractions (¢ ) for the two chemically different chains are approximately
equal with the mass fractions ( f ), as they were calculated from *H-NMR since, as already

mentioned, the densities of PB and Pl segments are almost identical (0,900 g/mL and 0,903
g/mL respectively).

Two representative examples, corresponding to samples PB(Pls4),-S; and PB(Pl34)s-
Sg (fourth set), are given in Figures 5.32 and 5.33, where the SEC chromatographs of the PB
and PI blocks, the unfractionated miktoarm star copolymers and the final fractionated star
copolymers are shown. The fractionation technique in a solvent/non-solvent system was
necessary in all samples, in order to remove unreacted in excess reagents or intermediate
products or unwanted products which were formed during the linking reactions of the living
blocks with the appropriate chlorosilane. The results from only two samples were chosen to
be presented thoroughly, due to the fact that the chromatographs of all the star copolymers

were almost identical.
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Figure 5.32: SEC chromatographs of homopolymers PB-S; (indicated in blue color) and Pl;4-S;
(indicated in red color), unfractionated star copolymer PB(PI34),-S7 (indicated in purple color) and the
final fractionated miktoarm star copolymer PB(Pl; 4),-S7 (indicated in black color).
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Figure 5.33: SEC chromatographs of homopolymers PB-Sg (indicated in blue color) and Plj4-Sg
(indicated in red color), unfractionated star copolymer PB(PI34)s-Sg (indicated in purple color) and the
final fractionated miktoarm star copolymer PB(Pl5 4)3-Sg (indicated in black color).

By observing the above chromatographs (Figures 5.32 and 5.33), the successful
synthesis of the star copolymers PB(Pl34).-S; and PB(P134)s-Sg is confirmed. The presence of
only one peak in the final star copolymers SEC chromatographs and the low polydispersity
indices indicates their molecular and compositional homogeneity. Anionic polymerization
through high vacuum techniques of 1,3-butadiene and isoprene leads to well-defined
homopolymers of PB and Pl;,4, which through linking reactions with CH;SiCl; or SiCl, and
after approximately 4 weeks, the desirable star copolymers of the PB(Pl34), and PB(Pl34)s
types were obtained respectively.

As it was mentioned in the experimental part, St end-capping (2-4 monomeric units)
was used after the completion of the polymerization of PB, in order to alter the living ends of
PBOLI® to PSOULI™ for better control of the linking reaction with CH3SiCl; or SiCl,
respectively The additional peak that is presented in the chromatographs of PB(Pl54),-S; and
PB(PI34)3-Ss unfractionated cases (purple color), corresponds to the excess of living Pls,
(~20%) that was used, during the linking reactions with PBSiCl, or PBSIiCl; respectively. No
other undesirable products were obtained during the linking reactions of the living ends of
both homopolymers with the chlorosilanes. The excess of unreacted Pl;,”Li® was removed
by mass fractionation in a solvent (toluene)/non-solvent (methanol) system, leading to
monomodal chromatographs (black color chromatographs in Figures 5.32 and 5.33 of the
final star copolymers). The peaks of the final star copolymers were eluted in lower elution
times compared to those of the corresponding homopolymer PB and Pl;, blocks, indicating

the successful linking reactions of both homopolymers with the appropriate chlorosilane.
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In Figures 5.34 and 5.35 the SEC chromatographs of all final star copolymers of the
PB(Pl;4), and the PB(Pl3,4); types are presented respectively indicating peaks to
approximately similar elution times (due to the similar molecular characteristics needed for

the reasons described above).
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Figure 5.34: SEC chromatographs of all fractionated miktoarm star copolymers of the PB(Pl5 4), type.
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Figure 5.35: SEC chromatographs of all fractionated miktoarm star copolymers of the PB(Pl3 4); type.
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The monomodal molecular weight distributions of the eight star copolymers of the
PB(Pl34), and PB(Pl34); types (four samples per sequence), indicate high molecular and
compositional homogeneity for all samples.

The molecular characterization via proton nuclear magnetic resonance (*H-NMR)
spectroscopy was utilized in order to verify the composition results as produced by the
average molecular weights of both blocks through combination of the results from SEC and

MO, since the calculation of the mass fraction ( f ) can be derived from the *H-NMR spectra,

as well as to confirm the existence of the desirable 3,4-microstructure at high values (> 55%)
for the P1 segments of the star copolymers.

All the proton chemical shifts for PB and PI have already been thoroughly described
in the case of linear diblock copolymers (Table 5.9). In order to calculate the compositions of
PB and Pl segments of the star copolymers, the equations described previously concerning the
linear block copolymers were used (Equations 5.5-5.12). The mass fractions of PB and Pl as
calculated by 'H-NMR along with the characteristic microstructure of each block are
presented in Table 5.14. In all samples, the 3,4-microstructure of Pl is ranging from 58% to
62%, while the mass fraction of the PB obtained values ranging from 0.28 up to 0.69.

Table 5.14: Mass fractions and characteristic microstructure content of each arm (PB and Pl), as
calculated by *H-NMR spectroscopy results.

Samples foo f,, %14-PB %12-PB %34-PI %14-Pl % 12-PI

PB(Pl34)S; 041 0,59 92 8 60 25 15
PB(Ply4)sS, 0,40 0,60 92 8 59 27 14
PB(Pls4)S; 067 0,33 01 8 61 23 16
PB(Pls4)s-S; 0,69 0,31 01 8 60 26 14
PB(Pl3,)»Ss 0,57 0,43 91 9 61 24 15
PB(Pl3)sSs 0,56 0,44 91 9 58 28 14
PB(Pl3,)-S; 0,30 0,70 92 8 59 26 15
PB(Pls4)s-Ss 028 0,72 92 8 62 22 16

Two representative examples, corresponding to samples PB(Pl3z4),-S; and PB(Pl3 4)z-
Sg (one per sequence) are given in Figures 5.36 and 5.37 respectively, where the '"H-NMR
spectra of the PB and Pl homopolymers as well as of the final star copolymers are presented.
The choice of the samples was made in order to present a full set of star copolymers with
approximately the same compositions of PB and Pl arms. In the specific set the mass fraction
of Pl segments obtained high values (0.70 for PB(Pl34),-S; and 0.72 for PB(Pl34)s-Sg)

respectively.
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Figure 5.36: *H-NMR spectra of the homopolymers PB-S;, Pl34-S; and the final miktoarm star
copolymer PB(Pl34),-S+.

The intensity of the *H-NMR signals is displayed along the vertical axis of a spectrum
and is proportional to the molar concentration of the sample. All characteristic chemical shifts
corresponding to the olefinic protons of the PB and Pl microstructures were observed. It is
clearly understood from the above 'H-NMR spectra that for the miktoarm star copolymer
PB(Pl34)2-S7, Pl exhibits high 3,4-content and through calculations by using the equations
mentioned above (equations 5.5-5.12), PB(Pl34),-S; sample is enriched in Pl 3,4-
microstructure by a value of approximately 59%. The same ratio of 3,4-microstructure was
also obtained for the Pl;4-S; homopolymer. The value of mass fraction of the Pl was
calculated to be equal to 0.70 in the specific copolymers.

Furthermore, the PB arm exhibits high 1,4-microstructure ~92% in sample PB(Pl5 4).-
S; and the value of mass fraction of PB was calculated to be 0.30. As mentioned in previous
'"H-NMR spectra, the proton chemical shifts appearing at approximately 7,2-7,3 ppm
correspond to the deuterated chloroform (CDCIs) which is the solvent used for diluting the

examined samples.
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Figure 5.37: 'H-NMR spectra of the homopolymers PB-Sg, Pl34-Sg and the final star copolymer
PB(Pl3,4)3-Ss.

Similarly, for the PB(Pl34)s-Sg miktoarm star copolymer all the characteristic
chemical shifts of the olefinic protons, corresponding to PB and PI different microstructures
were obtained. In this case, Pl also exhibits high 3,4-content (~62%) and the PB mass fraction
was calculated equal to 0.28. This star copolymer contained PB arm with the same number
average molecular weight with the previous star copolymer [PB(Pls4),-S7], therefore it
exhibits the same ratio of 1,4-microstructure with the above sample (~92%). The value of the
mass fraction of PB segment was calculated to be 0.28. Similar 'H-NMR spectra were
obtained for the remaining six star copolymers of the PB(Pls,), and PB(Pl;4); types and the
obtained results are thoroughly given in Table 5.14.
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5.9 Thermal Analysis Results of Miktoarm Star Copolymers

Differential scanning calorimetry was employed for the thermal analysis of the eight
miktoarm star copolymers of the PB(PIs4), and PB(Pl;4)s type. DSC can provide very useful
information concerning the glass transition temperature, melting point and the crystallization
of a polymeric material, as it is already mentioned previously. The measurements were
accomplished with a Q20 TA instrument. The heating ramp was 5°C/min and the temperature
range from -120°C to 40°C. It should be mentioned that additional measurements to some of
the star copolymers were performed, where the heating ramp was 2°C/min, but no different
results were obtained concerning the values of glass transition temperatures of each segment.
The same considerations, concerning the values of the glass transition temperatures as
described in the case of the linear diblock copolymers were taken into account for these types
of samples.

In Figures 5.38 and 5.39 the DSC thermographs for the first set of star copolymers,
corresponding to PB(Pl34),-S; and PB(Pls4)s-S, are given. The displayed thermographs
correspond to the second heating procedure of each measurement. The first heating was
performed in order to erase the history of the sample at a specific rate (commonly 10°C/min).
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Figure 5.38: DSC thermograph of the PB(Pl;4),-S; star copolymer indicating T, of PB equal to -
91,35°C and T, of Pl34 equal to -7,11°C respectively.
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Figure 5.39: DSC thermograph of the PB(PI;4)s-S, star copolymer indicating Ty of PB equal to -
91,41°C and Tq of Pl34 equal to -5,10°C respectively.

Analyzing the DSC results for the samples PB(Plz4).-S; and PB(Pls4)s-S,, which
correspond to the first set of the miktoarm star copolymers synthesized, two endothermic
transitions were obtained for each star copolymer respectively. Specifically, for the PB(Pl3 4),-
S, sample two endothermic transitions at approximately -91°C and -7°C and for the PB(PI3 4)s-
S, sample at approximately -91°C and -5°C were observed corresponding to the glass
transition temperatures of PB and Pl 4 respectively. The relatively high value of the T, of P34
in both samples is due to the high 3,4-content (~60% and 59% respectively). The identical
value for the T, of PB in both samples was expected, since the PB precursor is the same for
both star copolymers. A slight difference at the value of T4 of Pl 4 is obtained in the two star
copolymers (~2°C).

A comparison of the glass transition temperatures of the two star copolymers with the
corresponding linear diblock copolymer PB-b-Pl;4-1 which exhibits almost the same number
average molecular weight and mass fraction, has led to approximately identical values of T,
for both PB and Pl 4. Therefore, it can be concluded that the glass transition temperature does
not depend on the architecture of a block copolymer. The DSC thermographs of the linear
diblock copolymer and the two star copolymers for comparison reasons are presented in
Figure 5.40.
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Figure 5.40: DSC thermographs of the PB-b-Pl;4-1 linear block copolymer (indicated in black color),
PB(Pl34),-S; star copolymer (indicated in blue color) and PB(PI3,)s-S, star copolymer (indicated in

red color) respectively.
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In Figures 5.41 and 5.42 the DSC thermographs for the second set of star copolymers,
corresponding to PB(PI34),-S; and PB(Pl34)s-S, are given.
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Figure 5.41: DSC thermograph of the PB(Pl;4),-S; star copolymer indicating T, of PB equal to -
91,67°C and T of Pls, equal to -4,33°C respectively.
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Figure 5.42: DSC thermograph of the PB(Pl;4)s-Ss star copolymer indicating Ty of PB equal to -
91,48°C and T of Pls, equal to -6,04°C respectively.

Analyzing the DSC results for the samples PB(Pls34),-S; and PB(Pl34)3-S4, Which
correspond to the second set of star copolymers, it is evident again that for the PB(Pl34),-S;
sample, two endothermic transitions at approximately -92°C and -4°C and for the PB(Pls ,)s-
S, sample at approximately -91°C and -6°C are observed corresponding to the glass transition
temperatures of PB and Pls4 sequences respectively. The relatively high value of the T, of
Pl 4 in both samples is due to the high 3,4-content (~61% and 60% respectively).

Comparing the glass transition temperatures of the two star copolymers with the
linear diblock copolymer PB-b-Pl;,-2 exhibiting almost similar number average molecular
weight and mass fraction, no differences in the T, values for both PB and Pls,4, as it was
concluded already for the 1% set above. The combined DSC thermographs of the linear

diblock copolymer and the corresponding star copolymers are presented in Figure 5.43.
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Figure 5.43: DSC thermographs of the PB-b-Pl; 4-2 linear block copolymer (indicated in black color),
PB(PI34),-S; star copolymer (indicated in blue color) and PB(PI34)3-S4 star copolymer (indicated in

red color) respectively.
In Figures 5.44 and 5.45 the DSC thermographs for the third set of star copolymers,
corresponding to PB(PI34),-Ss and PB(Pl3 4)s-Sg are given.
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Figure 5.44: DSC thermograph of the PB(Pl;4),-Ss star copolymer indicating T, of PB equal to -
91,65°C and T, of Pl3, equal to -11,01°C respectively.
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Figure 5.45: DSC thermograph of the PB(PI;4)s-Se star copolymer indicating Ty of PB equal to -
91,64°C and T of Pls, equal to -10,99°C respectively.

Analyzing the DSC results for the 3™ set of non-linear copolymers, again two
endothermic transitions were obtained for each star copolymer respectively at identical values
for both samples: -92°C and -11°C corresponding to the glass transition temperatures of PB
and Pl; 4 blocks respectively. The relatively high value of the T, of Pl in both samples is due
to the high 3,4-content (~61% and 58% respectively). The comparison of these star
copolymers with PB-b-Pl;4-3 linear block copolymer, reported also similar T values for both
PB and Pl;, sequences. The DSC thermographs of the linear diblock copolymer and the

corresponding star copolymers are presented in Figure 5.46.
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Figure 5.46: DSC thermographs of the PB-b-Pl; 4-3 linear block copolymer (indicated in black color),
PB(Pl34),-Ss star copolymer (indicated in blue color) and PB(Pl34)s-Se Star copolymer (indicated in
red color) respectively.

In Figures 5.47 and 5.48 the DSC thermographs for the fourth set of miktoarm star

copolymers, corresponding to PB(PI5 4).-S7 and PB(Pl3 4)3-Sg are presented.
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Figure 5.47: DSC thermograph of the PB(PI;4),-S7 star copolymer indicating Ty of PB equal to -
92,01°C and T of Pl3 4 equal to -17,94°C respectively.
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Figure 5.48: DSC thermograph of the PB(PI;4)s-Ss star copolymer indicating Ty of PB equal to -
91,61°C and T of Pl3, equal to -15,74°C respectively.

For this set again two endothermic transitions were obtained for each star copolymer
and were almost identical in value: -92°C and -16°C corresponding to the glass transition
temperatures of PB and Pl;, respectively. The relatively high value of the T of Pl;, in both
samples is due to the high 3,4-content (~59% and 62% respectively) but it is significantly
different to the values reported for the other non-linear samples. The same behavior was
evident for the corresponding diblock copolymer PB-b-Pl;, with similar molecular
characteristics and mass fraction (T4 value of Pl was ~-15°C). This slight discrepancy may be

attributed to the higher Pl mass fraction in this set of samples when compared to the star
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copolymers of the other 3 sets and it is the only set in which the Pl component is above 70%
in mass and volume. Since the 3,4-content in PI is almost identical in all samples with only
slight deviations (~2-3%) one should expect that due to the steric hindrance of the substituted
vinyl bond per monomeric unit the T, value would have been expected to be closer to zero
and not that low as it is evident in all three samples involved in the fourth set. This behavior is
awkward and more detailed studies should be made for giving a more straightforward
explanation. The DSC thermographs of the linear diblock copolymer and the corresponding
star copolymers are presented in Figure 5.49.
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Figure 5.49: DSC thermographs of the PB-b-Pl; 4-4 linear block copolymer (indicated in black color),
PB(Pl34),-S; star copolymer (indicated in blue color) and PB(PI34)3-Sg star copolymer (indicated in
red color) respectively.

Crystallization and melting point temperature (T,) are not evident in all
thermographs, since both PB and Pl as synthesized by anionic polymerization with the
specific microstructures exhibit T, above 40°C as well as the non-linear microstructures (-1,2
and -3,4) are mostly atactic . The existence of two glass transition temperatures, similar to the
glass transition temperatures of the corresponding homopolymers, leads to the conclusion that
the two different blocks are completely immiscible. The glass transition temperatures of all
miktoarm star copolymers and the corresponding linear diblock copolymers along with their

molecular characteristics are summarized in Table 5.15 given below.
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Table 5.15: Glass transition temperatures (T,) of the miktoarm star copolymers and the corresponding linear diblock copolymers along with their molecular characteristics.

(M”)Psa (Mn)ma (Mn)Totala ITotaIb (MW )Totalc fPBd ¢PBe (Tg)PBf (Tg)Pl '

Samples

(g/mol) (g/mol) (g/mol) (g/mol) ‘c) ‘c)

PB-b-Pls,-1 38,200 55,400 93,600 1.06 99,200 042 042 -9146 -7,99

1%set  PB(Plsy),-S; 43,100 35,300 107,300 1.08 115900 041 041 -9135 -7,11
PB(Pl34)3-S, 43,100 23,800 109,400 1.07 117,000 0,40 040 -9141 510
PB-b-Pl;,-2 65,100 27,300 92,400 1.05 97,000 071 071 91,35 -7,17
2Yset  PB(Pl3s)>-Ss 61,500 16,700 92,400 1.06 97,900 067 067 -91,67 -433
PB(Pl34)3-Ss 61,500 9,800 88,200 1.08 95,200 069 069 -91,48 -6,04
PB-b-Pl;,-3 58,300 40,200 98,500 1.06 104,400 059 059 -9163 -10,98

3“set  PB(Pl34),-Ss 55,200 22,800 98,100 1.06 104,000 057 057 -9165 -11,01
PB(Pl34)3-Ss 55,200 15,600 100,300 1.07 107,300 056 056  -91,46 -10,99
PB-b-Pl; -4 35,500 72,400 107,900 1.07 115600 0,32 032 -92,00 -17,91

4"set  PB(Plyy).-S; 27,500 34,500 94,500 1.05 99,200 030 030 -9201 -17,94
PB(Pl3.4)3-Ss 27,500 25,700 101,600 1.05 106,700 0,28 028 -9161 -1574

150



5.10 Morphological Characterization Results for the Miktoarm Star Copolymers

The morphological characterization of the miktoarm star copolymers was
accomplished by transmission electron microscopy (TEM) studies as already reported and
analyzed for the case of the corresponding linear diblock copolymers.

A wide variety of volume fractions was targeted and synthesized in order to study the
alternations of microphase separation of these non-linear copolymers of the (PB-b-Pl34), type
where n = 2, 3 with variation in composition. The (M), of the final samples was kept
approximately constant (as in the case of the linear diblock copolymers), ranging from
92,400-107,300 g/mol and 88,200-109,400 g/mol for samples (PB-b-Plz,), and (PB-b-Pl; )3
respectively as it is evident from Table 5.15 where the molecular characteristics, mass/volume
fractions and glass transition temperatures are given. The degree of polymerization N for the

two types of miktoarm star copolymers can be easily calculated from the following equations:

—pB  —Pl
M M
Negeer,,), = Neg +2Np, = —=+2—  (5.19)
. ’ MOPB Mg’l
MPB —PI
NPB(PISA)s = Npg +3NPI3‘4 :M_:>B+3M—;| (5.20)

where M /® =54 g/mol, is the molecular weight of 1,3-butadiene (monomer of PB) and M/

= 68 g/mol, is the corresponding molecular weight of isoprene (monomer of PI). In Table
5.16 the total degree of polymerization per sample is given together with other important
characteristics (polydispersity, volume fractions and numer average molecular weights per
block.

Table 5.16: Molecular characteristics, volume fractions and degrees of polymerization (N) for the
miktoarm star copolymers of the PB(PI34), type where n is either 2 or 3.

(Mn)PB (Mn)m (Mn)ma, ot 2 Pp N PB/Pl,

Type of star Samples (g/mol) (g/mol) (g/mol)
PB(Pl34),-S; 43,100 35,300 107,300 1.08 0,41 0,59 1836
PB(Pl34)2-Ss 61,500 16,700 92,400 1.06 0,67 0,33 1631
PB(Pls.4)
PB(Pl3,4)2-Ss 55,200 22,800 98,100 1.06 0,57 0,43 1692
PB(Pl34),-S7 27,500 34,500 95,500 1.05 0,30 0,70 1523
PB(Pl34)3-S; 43,100 23,800 109,400 1.07 0,40 0,60 1848
PB(Pl34)3-S, 61,500 9,800 88,200 1.08 0,69 0,31 1571
PB(PI3,4)3
PB(Pl34)3-Se 55,200 15,600 100,300 1.07 0,56 0,44 1709
PB(Pl34)3-Ss 27,500 25,700 101,600 1.05 0,28 0,72 1643
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It is evident from the degree of polymerization calculated for the miktoarm star
copolymers as exhibited in Table 5.16, that the values are approximately equal for the stars
belonging in the same set but also with the corresponding diblock copolymer (the N values
for the diblock copolymers are exhibited in Table 5.10 in the subchapter related to the diblock
copolymer samples morphological characterization results.

A very thorough description has been given in subchapter 3.6 of this thesis where the
microphase separation of non-linear copolymers has been thoroughly discussed. Taking into
account the research work by Olvera de la Cruz and Sanchez'** concerning the phase stability
of graft and miktoarm star copolymers of equal number of A and B arms through theoretical
calculations has led to the fact that no critical point for any ¢ is evident for such complex

architecture copolymers.
In the same study it was concluded that miktoarm star copolymers of the A,;B, type

are predicted to have critical point (yN).=10.5 (as for the diblocks when ¢ =0.5), which

signifies that the microphase separation of nearly symmetrical miktoarm stars depends only
on the molecular weight of the associated block copolymer Ny and not the whole star
macromolecule.

For such non-linear copolymers as those synthesized in this thesis, Milner'
predicted a theoretical phase diagram for A.B, miktoarm star copolymers in the strong
segregation limit, in which the interface between two blocks is very sharp. The morphologies
are determined by the competition between the increase of stretching free energy as each arm
stretches away from the interface and the reduction of the interfacial tension.

More specifically Milner’s theory indicates that when na= ng = 1, then the examined
sample corresponds to the diblock copolymer (A-b-B). If no= 2 and ng = 1 then the examined
sample corresponds to the miktoarm star copolymer of the A,B type and if nn=3 and ng=1
then A;B type materials are studied. When an A,B melt is studied with ¢ = 0.5 and the A
block length is half of B and the radius of gyration for A is half of B then the observed
morphology is lamellae at the strong segregation limit (SSL), in which the need for equal
density leads to the equal thickness of A and B. In that case the A chains should expand more
than B and the surface is curved in order for A to be closer to the interface without stretching.

The free energy per chain can be calculated by the following equation 5.21:

2
f,(r)~ %(1+%h+....) (5.21)
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In the above equation ¢, = constant, h = segment thickness, r = curvature radius, R =
radius of gyration and h = Vs (V = segment volume and s = number of segments per junction
point). For the example given (A,B miktoarm star copolymer) the free energy is described by

the following equation (5.22):

2h; (1-..) (522

r

h2
foe(r) = R—‘32(1+Cl—:‘5+....)+ .
B A
The parameters involved in the above equation maybe become simpler if the segment volume
(V) and the radii of gyration per segment will be used as shown below (equation 5.23-5.24):
chy 2ch) Ve 16V,

= o> ==—" (523
Rr R RE R O

\é%;s =1, (5.24)

It is well known from the literature that 15 g is a value independent of length and when both
blocks A and B are equally flexible then 1, = Iz and the interphase curvature is equal to zero
leading to the alternating lamellae structure. The parameters |, and Ig correspond to the term
Kuhn length of segments A and B respectively.

Taking into consideration all the above together with the fact that the total free energy
is the sum of the interfacial and stretching free energies (the former contributing due to
localization of the junction points on the interface since Milner’s theory involves strongly
segregated systems in order to consider that the interface is of minimal thickness therefore
reduction of interfacial tension occurs and the latter being increased due to overcrowding
effects of the multiple identical arms either 2 or 3 in the mikoarm star samples prepared in
this thesis), then a calculation for lamellae, hcp cylinders and bcc spheres total free energy

values maybe performed through the following equations (5.25-5.27):

1/3
fl = {8(1—@ +9} (5.25)
&

2c0(1— 0'2)? 1/2 3
fow = o) (23+¢ )+2—(p (5.26)
1-9) €

/
278¢4/3 (1_¢1/3)3 ((02/3 +3(01/3 +6) 27¢ s
fo, = . + (5.27)
10(1—- @) 10¢
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In equations 5.25-5.27 the new value that should be determined is the value & which is
denoted as the elasticity parameter and involves the influence on morphology from the
architecture as well as the asymmetry in the chain elasticity. Parameter ¢ is calculated by the

following equation (5.28) where the number of blocks A and B are involved together with

their Kuhn lengths:
| 172
e=| 22| (528
ng J\Ig

For the specific miktoarm star copolymers synthesized in the framework of this thesis a
comparison between them will be presented, in order to verify whether or not these materials
behave accordingly to related PS/PI non-linear samples of similar types already reported in
the literature."*>*# In the following Figure 5.50, the phase diagram indicating the microphase
separation for various miktoarm star copolymers as reported by Milner in comparison with
experimental data is given.'" It is evident that as the asymmetry increases large deviations
occur for the PS/PI corresponding systems (red symbols indicate discrepancies from the
theoretically expected structures).
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Figure 5.50: Phase diagram of microphase separation for various miktoarm star copolymers: A;B,
(pentagons) A,B (cycles), AsB (triangles), AsB and AsBAs (squares).'™
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5.9.1 Miktoarm Star Copolymers of the PB(Pl34), Type

Microphase separation was evident in all four related copolymers indicating that the
choice of the molecular weights leading to relatively high total degree of polymerization per
sample was correct as reported already for the case of the linear diblock copolymers.

Based on the diagram of ¢ vs @ (where B is the single block, PB in the specific
samples) and taking into account that the volume fractions of PB are varying from 0.30
(sample S;), to 0.41 (sample S;) to 0.57 (sample Ss) and finally to 0.67 (sample Sj) the
morphologies which must be obtained if the elasticity parameter € as given in y axis is higher
than 1.8 and closer to 2 (meaning slightly not equivalent in flexibility chains as expected due
to the increased 3,4-content of Pl leading to increased steric hindrance caused by the large
ligand involving a methyl group vinyl bond per monomeric unit when compared to the high
1,4-content of the PB segments) are: PB hcp cylinders in Pl matrix (samples S; and S;) and
alternating lamellae (samples S; and Ss) as indicated in Table 5.17.

Table 5.17: Molecular characteristics, volume fractions, degrees of polymerization (N) and

theoretically predicted morphologies from the phase diagram in Figure 5.50 for the miktoarm star
copolymers of the PB(PI5 ), type.

Samples (z\g/ll:r?cT)T)al Vee el Newrey, Morphology
PB(Pl34)-S; 107,300 0,41 0,59 1836 CYLeps
PB(Pls)-Ss 92,400 067 033 1631 LAM
PB(Pl,),-Ss 98,100 057 043 1692 LAM
PB(Pl34)2-S; 95,500 0,30 0,70 1523 CYLes

The TEM results completely verify the theoretically expected structures. Actually,
according to the above discussion as asymmetry increases large deviations occur for the PS/PI
corresponding systems (red symbols indicate discrepancies from the theoretically expected
structures) in Figure 5.50 phase diagram. The samples of the PB(Pl34), type exhibit the lowest
asymmetry, flexibility of the segments is different but not as high as in the PS/PI system and
therefore not large deviations from theory should be expected. In Figures 5.51-5.54 the TEM
images of the thermal annealed PB(Pls ), type samples at 50°C for 5 days (as it was reported
for the PB-b-Pl;, diblock copolymers) are exhibited. It is clear that for the two samples (S;
and S;) with the lower PB volume fraction, a structure of hcp PB dark cylinders in an almost
white PI matrix is observed (Figures 5.51-5.52), which is the expected morphology according

to the samples’ molecular characteristics (Table 5.17) whereas for the remaining two samples
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(Ss and Sj) alternating lamellae of dark and white layers is evident (Figure 5.53-5.54) as

expected as well from theory.

Figure 5.51: TEM image from thin sections of the annealed B(PI3,4)2 sample with PB volume fraction
equal to 0.30 (sample S;) in which hexagonally closed packed cylinders of the dark grey phase (PB) in
the white matrix (Pl 4) is evident.

Figure 5.52: TEM image from thin sections of the annealed PB(Pl;,), sample with PB volume fraction
equal to 0.41 (sample S;) in which hexagonally closed packed cylinders of the dark grey phase (PB) in
the white matrix (Pl 4) is evident.
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Figure 5.53: TEM image from thin sections of the annealed PB(PI3,), sample with PB volume fraction
equal to 0.57 (sample Ss) in which alternating lamellae of the dark grey phase (PB) and the white
phase (Pl34) is evident.

Figure 5.54: TEM image from thin sections of the annealed PB(Pl;,), sample with PB volume fraction
equal to 0.67 (sample S3) in which alternating lamellae of the dark grey phase (PB) and the white
phase (Plz4) is evident.

5.9.2 Miktoarm Star Copolymers of the PB(Pl34)s Type

Microphase separation was again evident in all four related copolymers indicating
that the choice of the molecular weights leading to relatively high total degree of
polymerization per sample was correct as reported already for the case of the linear diblock
copolymers and the corresponding PB(PI5 4), type miktoarm stars.

Based on the same phase diagram of ¢ vs ¢g (where B is the single segment, PB in the

specific samples) and taking into account that the volume fractions of PB are varying from
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0.28 (sample Sg), to 0.40 (sample S,) to 0.56 (sample Sg) and finally to 0.69 (sample Ss) the
morphologies which must be obtained, if the elasticity parameter ¢ as given in y axis is higher
than 2.7 and closer to 3 (meaning slight not equivalent in flexibility chains as expected due to
the increased 3,4-content of PI leading to increased steric hindrance due to the large ligand
involving a methyl group vinyl bond per monomeric unit when compared to the high 1,4-
content of the PB segments) are: PB spheres in bcc lattice in Pl matrix (samples Sg and S;),
PB hcp cylinders in Pl matrix (sample Sg) and alternating lamellae (sample S;), as indicated
in Table 5.18.

Table 5.18: Molecular characteristics, volume fractions, degrees of polymerization (N) and

theoretically predicted morphologies from the phase diagram in Figure 5.45 for the miktoarm star
copolymers of the PB(PI;4); type.

Samples (z/z;cit)a' Pre Pe Neare,, Morphology
PB(Pls)sS, 109400 040 0,60 1848 SPHpg
PB(Pl34)3-S, 88,200 0,69 0,31 1571 LAM
PB(Pl34)3-Se 100,300 0,56 0,44 1709 CYLpg
PB(Pl,):-Ss 101,600 0,28 0,72 1643 SPHee

In Figures 5.55-5.58 the TEM images of the thermal annealed PB(Pls4); type
samples at 50°C for 5 days [as it was reported already for the PB-b-Pl;, diblock copolymers
and the PB(Pl34), type samples] are exhibited. It is clear that for the two samples (Sg and S,)
with the lower PB volume fraction, a structure of PB dark spheres at a bcc lattice in an almost
white Pl matrix is observed (Figure 5.55-5.56), which is the expected morphology according
to the samples’ molecular characteristics (Table 5.18) and the phase diagram of Figure 5.50,
whereas for the remaining two samples (Sg and S,;) hcp cylinders of PB in the Pl matrix
(sample S, despite that PB is the majority component) and alternating lamellae of dark and
white layers (sample S,) are evident (Figures 5.57 and 5.58 respectively as expected as well
from theory for the corresponding volume fractions of PB).

It can be concluded therefore, that despite the increase in asymmetry (going from A,B
to A3;B samples) the theory predicted by Milner did not lead to discrepancies when a
comparison with the experimental results was made, in contrast to what has been reported in
the literature for corresponding in volume fraction PS/PI identical systems.'® This
observation signifies that the elasticity parameter, €, in the PB/PIl;, copolymer non-linear
architectures is as high as in the PS/PI case. Therefore, the flexibility of the PB and the Pl ,
chains is different due to the increased 3,4- and 1,2-content of the Pl (when compared to the

Pl 1,4-microstucture content, ~90% in the PS/PI studied and well reported in the literature
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systems) but still within comparable values. Therefore, the elasticity parameter, ¢, in the
miktoarm star copolymers synthesized in this thesis is exhibiting values closer to 2 and 3
respectively depending mostly in the increased complexity of the architecture (na = 2 or 3
whereas ng = 1) and much less on the flexibility, leading to a phase diagram slightly different
from that in Figure 5.50 since the lines indicating the transition from one morphology to
another as volume fraction g increases, should be less curved and more vertical to the x axis
(corresponding to the volume fraction). This observation can be attributed to the fact that the
non-linear copolymers studied in this thesis are 100% elastomers and not thermoplastic
elastomers as the related PS/PI systems. Therefore, flexibility plays a significant role and
when similar values are exhibited for the different segments involved in the copolymer (as the
case of this thesis copolymer samples) the elasticity parameter, &, adopts a value closer to an
absolute integer (either 2 or 3) similar to the number of the similar blocks involved in the non-
linear architectures either 2 Pl;, or 3 Pl;4 chains for PB(Pl;,4), and PB(PI;4); type non-linear
copolymers respectively.

=
Figure 5.55: TEM image from thin sections of the annealed PB(Pl;,); sample with PB volume fraction
equal to 0.30 (sample Sg) in which bcc spheres of the dark grey phase (PB) in a white matrix (Plzg) is
evident. The image does not show any alternating layers (as in the hcp cylinders) and since no SAXS
experiments are possible, the TEM is significantly indicating bcc spheres of minority component (PB)
in the matrix of the majority (PI).
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Figure 5.56: TEM image from thin sections of the annealed PB(PI3,); sample with PB volume fraction
equal to 0.40 (sample S,) in which bcc spheres of the dark grey phase (PB) in a white matrix (Plzg) is
evident. The image does not show any alternating layers (as in the hcp cylinders) and since no SAXS
experiments are possible, the TEM is significantly indicating bcc spheres of minority component (PB)
in the matrix of the majority (P1).

Figure 5.57: TEM image from thin sections of the annealed PB(Pl3,); sample with PB volume fraction
equal to 0.56 (sample Sg) in which hexagonally closed packed cylinders of the dark grey phase (PB) in
the white matrix (Pls4) is evident. For this sample not well resolved images could be taken and of
major importance is the fact that the cylinders are formed from the majority component (increased
asymmetry leading to increased free energy stretching).
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Figure 5.58: TEM image from thin sections of the annealed PB(PI;,); sample with PB volume fraction
equal to 0.69 (sample S,) in which alternating lamellae of the dark grey phase (PB) and the white
phase (Pl34) is evident.

5.9.3 Comparison of the Morphological Characterization Results Between Linear
and Non-Linear Architectures Involving Immiscible Polydienes

By summarizing the morphological characterization results as reported above for the
linear PB-b-Pl;,4 diblock copolymers and the miktoarm star copolymers of the PB(PI34), with
n =2, 3anew Table (Table 5.19) is made in which four (4) new sets can be originated based
on the fact that between the linear and the non-linear architectures the volume fraction and
total number average molecular weight have remained constant in specific samples for
comparison reasons. By this manner the influence of architecture in copolymers involving
immiscible polydienes (PB and Pl;4) which microphase separate can be studied and compared
with the PS/PI related system which has been excessively studied as is evident in the literature
as well as in the subchapters involving the analysis of the self-assembly for the various types
of copolymers synthesized in the framework of the thesis.

The results between the theoretically predicted morphology and the experimentally
obtained did not lead to any discrepancies for the miktoarm stars and as is evident from the
last column of Table 5.19 there is an almost absolute agreement between theory and
experiment which in not that common especially when many samples are involved (16 in
total). It was expected initially that such type of agreement would occur only for the linear
diblock copolymers as well as for the least complex architecture [samples of the PB(Pl;,),
type]. The fact that also the remaining PB(Pl54); type copolymers showed similar agreement
is of great importance in order to conclude that the assumption made in the aforementioned
subchapter concerning the fact that the elasticity parameter, g, in the miktoarm star

copolymers synthesized in this thesis is exhibiting values closer to 2 and 3 respectively

161



depending mostly in the increased complexity of the architecture (n = 2 or 3 whereas ng = 1)
and much less on the flexibility, is correct.

The only case where different results were obtained between theory and experiment
was in the linear architecture where in both samples the morphology expected was the DG
cubic structure (sample-2 and sample-4), with networks of the minority component in the
matrix of the majority. In contrast, hexagonally closed packed cylinders of the minority
component (PB or PI for gpg = 0.32 and 0.71 respectively) in the matrix of the majority (PI or
PB) is the adopted morphology for the remaining two diblock copolymers samples as
theoretically expected. As mentioned in the previous subchapter related to the morphological
characterization of the diblock copolymers since PB and Pl are very flexible chains it seems
that the ability to adopt such a complex architecture (DG) may not be possible due to entropic
as well as enthalpic constrains leading to a less thermodynamically demanding topology such
as the hcp cylinders of the minority phase in the matrix of the majority.

Table 5.19: Molecular characteristics, volume fractions, degrees of polymerization (N) and

theoretically predicted morphologies and verification of morphology for all the copolymers
synthesized.

Set of (Mn)mau Pes Prr NPB/P'M Morphology Verified
Samples Samples (g/mol) Tfr:gg;y Morphology
PB-b-Pls,-1 93,600 042 058 1522 LAM v
N1 pB(PI,),S, 107300 041 059 1836 CYLes v
PB(Pl,.)s-S, 109,400 0,40 0,60 1848 SPHs v
PB-b-Pl;;2 92,400 071 0,29 1606 DG CYLp
N°2 PB(Plss),-S; 92,400 0,67 0,33 1631 LAM v
PB(Pl;.)s-S: 88,200 0,69 031 1571 LAM v
PB-b-Pls,-3 98,500 0,59 0,41 1670 LAM v
N°3 PB(Plss),-Ss 98,100 057 043 1692 LAM v
PB(Pl,.)s-Ss 100,300 0,56 0,44 1709 CYLsg v
PB-b-Pls,-4 107,900 0,32 0,68 1722 DG CYLss
N°4 PB(Pl3,),-S; 95500 0,30 0,70 1523 CYLesg v
PB(Pl,,)s-Ss 101,600 0,28 0,72 1643 SPHee v

It is evident from Table 5.19 that each set of samples involves copolymers with
identical molecular characteristics (almost constant number average molecular weight),
therefore identical polymerization degree and similar volume fractions. The comparison

discussed in the previous subchapters involved the PS/PI related systems since most of the
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theoretical predictions and theories concerning self-assembly have been developed for the
specific thermoplastic elastomer copolymers.

It is the first time that self-assembly has been studied for copolymers being 100%
elastomers and the fact that similar behavior with the PS/PI copolymers or better (since in
this thesis samples no discrepancies have been indicated from theoretical predictions) was
indicated opens a new field of research and development for the specific linear and non-
linear architectures bearing immiscible polydienes.

In Figure 5.59 an attempt has been made to include all samples indicated in Table
5.19 in the phase diagram reported in the literature and already discussed and showed in
Figure 5.50.

=44

8:
e=1.8

Figure 5.59: Modified phase diagram of microphase separation for various miktoarm star copolymers
(initial diagram exhibited in Figure 5.45) in which the self-assembly results of the sixteen linear and
non-linear PB/PI;, copolymers are indicated. Green color corresponds to set N° 4 (volume fraction
~0.3), brown to set N° 1 (volume fraction ~0.4), blue to set N° 3 (volume fraction ~0.6) and orange to
set N° 2 (volume fraction ~0.7). It is evident that all miktoarm stars absolutely correspond to the
theoretically predicted morphologies and discrepancies appear only for two diblock copolymers which
instead of adopting the DG structure, hcp cylinders appear in both sides of the volume fraction axis
(PS-b-Pl3,4 of set N° 2 and 4 respectively with PB volume fractions of 0.71 and 0.32).
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In Figure 5.59 the literature symbols ascribed to different architecture types for PS/PI
systems were kept in order to show the increased discrepancies involved and also the integer
values for parameter ¢ are shown as well for comparison reasons. Also the different 4 sets of
samples have been assigned different colors and vertical lines are drawn indicating the
volume fraction for each set and the symbols used are hexagons. It is straightforward from the
above illustration that the only two samples out of the total sixteen (16) do not agree with
theoretical prediction are those for which DG cubic structure (denoted as Bicg and Bicy in the
schematic) was expected (red and orange hexagon for e=1). The absence of such three-
dimensional bicontinuous morphology should be verified in types of the studied samples by
either preparing binary blends with homopolymers (easier approach, least time consuming,
most cost effective) or synthesizing new copolymers within the volume fraction regime of
0.27-0.34 and 0.66-073 (which is a time consuming process and very difficult to control the
volume fraction effectively in order for the new samples to vary just 1% in volume fraction

between them).

5.11 Conclusions-Future Work

The synthesis of all samples [nineteen (19) in total] presented in this thesis is
considered successful. Four (4) linear homopolymers of Pl;, (55-65% of 3,4-microstructure)
with low and high molecular weights, two (2) non-linear H-type Pl; 4 homopolymers, five (5)
linear diblock copolymers of the PB-b-Pl;, type [PB: poly(butadiene) with ~90-92% -1,4]
and miktoarm star copolymers of PB(Pls,4), and PB(PIs4); types were synthesized. In order to
make the necessary conclusions from the molecular and morphological characterization
results and discussion, the samples were divided in two categories:

a) Linear and non-linear homopolymers of Plz4

b) Linear diblock copolymers (PB-b-Pl;,) and miktoarm stars [PB(Pl;4), and
PB(Pls4)al.

The molecular characterization via size exclusion chromatography (SEC), membrane
osmometry (MO) or vapor pressure osmometry (VPO) and proton nuclear magnetic
resonance (*H-NMR) spectroscopy indicated molecular and compositional homogeneity for
all samples. Thermal analysis via differential scanning calorimetry (DSC) was also performed
in order to examine the variations of glass transition temperatures and their dependence from
the molecular weight and the weight fraction of each segment. Morphological
characterization was performed in the linear diblock copolymers as well as in the miktoarm
star copolymers, through bright field transmission electron microscopy (TEM), in order to
verify the microphase separation and provide significant information concerning the
dependence of the architecture (linear or non-linear) on the adopted topology. Furthermore,

rheological studies were performed in linear and non-linear Pl;, homopolymers, through the
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collaboration with Prof. S.-Q. Wang’s group (Morton Institute of Polymer Science and
Engineering, The University of Akron, Ohio, USA).

It is important to mention that the non-linear H-Pl; 4, the linear PB-b-Pl;, diblock
copolymers and the miktoarm star copolymers of PB(Pls;4), and PB(Pls4); type were

synthesized for the first time and have never been reported in the literature.

5.11.1 Linear and Non-Linear Homopolymers of Pl34
Specifically, from the molecular characterization results for the linear and non-linear
homopolymers of Pl 4 type the following conclusions can be made:
v" The number average molecular weights obtained from MO or VPO verified the

theoretical calculations of M, for the linear and the H-type homopolymers of Plg 4.
The molecular weights in the case of linear homopolymers varied from 5,000 g/mol
up to 330,000 g/mol, while for the two (2) H-type Pls, homopolymers was 192,300
and 210,800 g/mol respectively.

v The molecular weight distributions of the linear homopolymers as well as of the non-
linear H-type Pls4 materials were monomodal since the polydispersity indices varied
from 1,03 to 1,10 as indicated from SEC.

v' The use of the difunctional reagent CDMSS [(4-chlorodimethylsilyl)styrene] in
combination with the well-established chlorosilane chemistry led to well-defined final
complex architecture homopolymers (H-Pl3 ).

v' The mass fractionation procedure in a solvent (toluene)/non-solvent (methanol)
mixture was necessary due to the synthetic approach requirements (e.g. excess of the
living ends to successfully substitute the two chlorine atoms of the chlorosilane
reagent) for the two (2) complex architecture homopolymers in order to obtain in high
purity the desirable final products.

v' The characteristic ratios of stereo-chemical microstructures of all samples were
verified from the "H-NMR results, indicating the high 3,4-content (55-65%) of PI in
all cases.

The thermal analysis was performed via differential scanning calorimetry and the glass
transition temperatures were measured for the H-type Pl;, samples and compared to those
referred to linear Pls, homopolymers in the literature.'®"
v' The two samples showed T, values equal to -12°C (H-Pls,-1) and -9°C (H-Pls,-2)

respectively.

More specifically:

v' Glass transition temperature depends on the microstructure of PI and specifically it
increases linearly with increasing 3,4-content as already reported in the literature'®,

even in the complex architecture systems.
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Rheological measurements in the linear and non-linear homopolymers were performed by
Prof. Wang’s group, as previously mentioned, where uniaxial extension measurements were

carried out through small amplitude oscillatory shear (SAOS) experiments. More specifically:
v' The elastic modulus G and the number of entanglements per chain Z were

estimated for the linear Pl;4-4 and the H-type Pl;, homopolymer.

v’ Stress relaxation experiments which were carried out in the linear response regime
for different temperatures reported that the chain relaxation dynamics showed the
same temperature dependence.

The immediate future work and aims for the synthesized linear and non-linear homopolymers
of this research work are:

a) The molecular characterization of the H-type Pl;, homopolymers through dilute
solutions viscometry (DSV) in selective and ® solvents respectively.

b) Synthesis and molecular characterization of H-type Ply, samples in higher
molecular weights (>400,000 g/mol), in order to examine further the rheological
behavior of this architecture (through the collaboration with Prof. S.-Q. Wang’s
group). It should be noted that preliminary studies have already been in progress
using the difunctional reagent  4-(dichloromethylsilyl)diphenylethylene
(DCMSDPE), in a similar synthetic strategy obtained for the aforementioned
samples synthesized in this thesis.

¢) Synthesis and molecular characterization of super H-type Pls, samples in various
molecular weights, in order to investigate thoroughly the non-linear dynamic
behavior of LCB polymers in the presence of large external deformations in either

simple shear or uniaxial extension (in collaboration with Prof. S.-Q. Wang’s group).

5.11.2 Linear Diblock Copolymers (PB-b-Pl34) and Miktoarm Stars [PB(Pl34), and
PB(Pl34)3]

In these types of materials the molecular characterization results via SEC, MO and
'"H-NMR spectroscopy indicated molecular and compositional homogeneity for all the
samples. More specifically:

v The number average molecular weights obtained from MO verified the theoretical

calculations of M, for the PB and PI blocks as well as for the final diblock and
miktoarm star copolymers. The molecular weights of all samples (diblock and star

copolymers) were calculated to be in the region of 90,000-110,000 g/mol except of

one diblock copolymer (PB-b-Pl;,-5), which exhibited very high value of M
(~1000 kg/mol) approximately one order of magnitude higher than the other

copolymers.
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v" The molecular weight distributions of the PB block of each diblock copolymer as
well as of the final materials were monomodal with values ranging from 1,05 to 1,10.

v" The molecular weight distributions of PB and Pls4 blocks as well as the final star
copolymers were monomodal ranging from 1,05 to 1,08. The well-established
chlorosilane chemistry led to well-defined final star copolymers.

v' The mass fractionation procedure in a solvent (toluene)/non-solvent (methanol)
mixture was necessary due to the synthetic approach requirements (e.g. excess of the
living ends to successfully substitute all chlorine atoms of the corresponding
chlorosilane reagent in each case) for the eight (8) star copolymers, in order to
remove the undesired excess of the PI blocks and obtain in high purity the desirable
final products.

v' The mass fractions of PB and PI blocks were also verified from the *H-NMR results,
indicating molecular and compositional homogeneity for the synthesized samples.
The mass fractions as well as the volume fractions varied from 28% v/v to 71% v/v of
the PB block (qpg).

v" Furthermore, the characteristic ratios of stereo-chemical microstructures of PB and PI
were calculated with *H-NMR, indicating the high 3,4-content of PI (57-62%) and the
high 1,4-microstructure of the PB (90-92%) respectively.

The thermal analysis was performed via DSC and the glass transition temperatures were
measured for all synthesized linear diblock and star copolymers, where the independence of
T, from the molecular weight and the different architecture was obtained. More specifically:

v' The existence of two glass transition temperatures in all samples (linear and non-
linear) with values similar to those already reported for the corresponding
homopolymers, led to the conclusion that the two different blocks are completely
immiscible.

v The T, values were approximately -92°C to —91°C for the PB block and in the region
of -11°C to to -5°C for the Pl block in the linear diblock copolymers.

v Unique is the case of the linear diblock copolymer PB-b-Pl;,-4 which exhibited
lower Tq for the Pl;4 block than the aforementioned samples (-17,91°C). This low
value was attributed to the fact that this sample is the only one with very high content
in PI (gps = 0,32).

v" Linear and non-linear architectures of copolymers of the PB(Pl3,), type, where n=1,
2, 3 respectively, with approximately the same molecular characteristics (molecular
weight and mass or volume fractions) exhibited similar values of T4 for both blocks.

The morphological characterization via transmission electron microscopy (TEM) indicated

that the two different blocks can self-assemble leading to known morphologies, where
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interesting conclusions raised for both linear diblock and non-linear star copolymers. More

specifically:

v

All samples were cast from a dilute solution (~4 wt%) in toluene (an almost non-
selective solvent for both segments) and the procedure for slow evaporation of the
solvent was accomplished in approximately 7 days.

Annealing was performed to the half of the film at 50°C for 5 days, in order to study
morphologically the unannealed and annealed thin sections.

Part of the films was ultra-microtomed in order to obtain very thin sections (~40-50
nm) at -100°C.

The polydiene blocks (PB and Pls4) were selectively stained with fresh aqueous
solution (4% wt in water) of osmium tetroxide (OsO,) for approximately 1 h, in order
to increase the contrast in TEM. In this manner, the PB chains crosslink more than the
Pls4 chains, with the staining media increasing their electron density and therefore
they appear darker in TEM micrographs.

Microphase separation was evident in all five diblock copolymers indicating that the
choice of the molecular weights leading to relatively high total degree of
polymerization per sample was correct.

The observation of well identified morphologies leading to alternating lamellae and
hcp cylinders in all cases indicates that the Flory-Huggins interaction parameter is at
least an order of magnitude higher than the one reported for the case of PBy 4-b-Pl; 4
diblock copolymers (y = 0,0012).***

Thermal annealing improved the order of self-assembly, leading to the important
conclusion that the yN value of the first four samples is at least in the intermediate
segregation regime, whereas the high molecular weight sample is very strongly
segregated.

A comparison of the morphologies of PB-b-Pl;, linear diblock copolymers with the
theoretical and experimental information on microphase separation of the well-
studied PS-b-PI diblock copolymers, indicated that total agreement between them was
achieved only in sample-1 (¢pz = 0.42), sample-3 (¢pz = 0.59) and sample-5 (pps =
0.59), since alternating lamellae morphology was observed. In both samples -2 and -4
hcp cylinders of the minority component in the matrix of the majority were the
adopted morphologies respectively, instead of a cubic network (double gyroid) that
was expected. This was attributed to the fact that PB and Pl 4 are very flexible chains
and the ability to adopt such a complex architecture may not be possible due to
entropic as well as enthalpic constrains leading to a less thermodynamically
demanding topology such as the hcp cylinders of the minority phase in the matrix of

the majority.
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Microphase separation was evident in all eight star copolymers synthesized,
indicating that the choice of the molecular weights leading to relatively high total
degree of polymerization per sample was correct.

The observation of well identified morphologies leading to alternating lamellae and
hcp cylinders in the case of PB(PI4), miktoarm star copolymers, as well as to spheres
and hcp cylinders in the case of PB(Pls4)s star copolymers completely verified the
theoretically expected structures according to Milner’s phase diagram for PS/PI
system.'®

The elasticity parameter, ¢, in the PB/Pl;4 copolymer non-linear architectures is not
that dependent on flexibility as in the PS/PI case. The flexibility of the PB and the
Pls, chains is different due to the increased 3,4- and 1,2-content of the Pl when
compared to the 1,4-microstucture, ~90% in the PS/Pl system but still within
comparable values.

In this study it was not possible to perform SAXS measurements, since the electron

densities of PB and PI are considered equivalent.

The future work and aims for the synthesized diblock copolymers of this research work are

listed below:

a)

b)

d)

Synthesis of a diblock copolymer of the PB-b-Pl;4 type in which one of the two
blocks will be deuterated (d-PB or d-Pl), in order to perform small-angle neutron
scattering (SANS) measurements and calculate the interaction parameter y of this
system.

Prepare more diblock copolymers of the PB-b-Plz4 type in various volume fractions
in order to construct phase diagram yN vs. volume fraction for this system.

Prepare binary blends of the diblock copolymers with either homopolymer PB or
homopolymer Pl;4 in order to explore whether the double gyroid will appear in the
volume fraction regime 0.27-0.34 and 0.66-0,73 as is reported for the PS/PI system.
Investigate the photonic properties and behavior of the high molecular weight

sample-5, since it already appears to be photonic.

Finally, the future work and aims concerning the miktoarm star copolymers synthesized in

this thesis are listed below:

a)

b)

Further investigation of the molecular characterization of the star copolymer samples
via dilute solutions viscometry (DSV) in selective and non-selective solvents.

Synthesis, molecular and morphological characterization of the Pl;4(PB;4), and
Pl34(PBy4)s types of star copolymers, in order to obtain similarities or discrepancies
with the synthesized star copolymers in this thesis, concerning the microphase

separation of this system.
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c) Synthesis, molecular and morphological characterization of other complex

architectures such as PB(Pl34), type, where n>3.
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Abstract

In the present research thesis, the synthesis of nineteen (19) samples of linear and
non-linear homopolymers and copolymers containing Pl;, [where Pls4: poly(isoprene)
enriched in 3,4-microstructure (55-65%)] is reported. Specifically, four (4) linear
homopolymers of the Pl 4 type exhibiting low and high molecular weights, two (2) non-linear
homopolymers of the H-Plz,4 type, five (5) linear diblock copolymers of the PB-b-Pl;, type
[where PB: poly(butadiene) with ~90-92% 1,4-content] exhibiting high (~100,000 g/mol) and
very high molecular weights (~1,000,000 g/mol) as well as eight (8) miktoarm star
copolymers of the PB(Pls4), and PB(Pls4)s types [four (4) samples per architecture] with
approximately similar molecular characteristics with the linear diblock copolymers were
synthesized.

The synthesis of the Pls4 linear homopolymers was accomplished by the use of
anionic polymerization through high vacuum techniques. For the successful polymerization of
isoprene, sec-BuLi was used as the initiator and benzene as the solvent, while a small amount
of THF (~1 mL) was added in order for the PI to obtain high 3,4-microstructure (55-65%).

The complete synthesis of the complex architecture of the H-Pl;, type involved
initially the preparation of the difunctional reagent 4-(chlorodimethylsilyl)styrene (CDMSS)
in order to synthesize a macroinitiator in combination with living ends of Pl;,“Li®. Through
this macroinitiator a living 3-arm star of the (Pl34),Pls4" type was prepared and by a linking
reaction with the appropriate chlorosilane [(CH3),SiCl,], the desirable model H-type Pls,
samples were synthesized.

The preparation of linear diblock copolymers were achieved utilizing anionic
polymerization via high vacuum techniques and sequential monomer addition. Again, sec-
BuLi was used as the initiator, benzene as the solvent, while a small amount of THF (~1 mL)
was added prior to the polymerization of isoprene, in order for the Pl to obtain high 3,4-
microstructure. A variety of volume fractions was chosen and accomplished (0,30 < @pg <
0,70). For the synthesis of the star copolymers chlorosilane chemistry in combination with
anionic polymerization techniques were used. The linking reactions of the appropriate
chlorosilane (CH;SiCl; or SiCl,) with living PB and PI blocks, led to the final miktoarm stars
under absolutely controlled conditions. The molecular weights (~100,000 g/mol) as well as
the volume fractions of PB and PI blocks were approximately equal with those for the linear
diblock copolymers.

The molecular characterization was performed via size exclusion chromatography

(SEC) and membrane osmometry (MO) or vapor pressure osmometry (VPO) in order to

confirm the molecular weight distributions and the number average molecular weight M of

the samples.
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Also, proton nuclear magnetic resonance (*H-NMR) spectroscopy was adopted to
calculate the characteristic ratios of stereochemical microstructures for both poly(dienes) as
well as to identify the composition of each segment in the copolymers and stars.

Thermal analysis via differential scanning calorimetry (DSC) was also performed in
order to examine the variation of glass transition temperature and its dependence from the
molecular weight and the weight fraction of each segment. The results indicated that all
samples exhibited low molecular weight distributions and molecular as well as compositional
homogeneity.

Morphological characterization was performed through bright field transmission
electron microscopy (TEM), in order to verify microphase separation and provide significant
information concerning the dependence of the architecture (linear or non-linear) on the
adopted morphology.

Furthermore, rheological studies were performed in linear and non-linear Plz,4
homopolymers, through the collaboration with Prof. S.-Q. Wang (Morton Institute of Polymer
Science and Engineering, The University of Akron, Ohio, USA), leading to new theoretical
considerations for the non-linear dynamic behavior of LCB polymers and their mixtures with
the corresponding linear chains in the presence of large external deformations in either simple

shear or uniaxial extension.
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Iepiinyn

211 GUYKEKPLUEVT] EPEVVNTIKY EPYACIia TEPLYPAPETAL 1| GOVOEST] GLVOAIKA deKaEevvEn
(19) ypoppukdv kol TOAOTAOKNG  OPYITEKTOVIKNG OHOTOAVUEPOV KOl GUUTOAVUEPDV
nolv(ioompeviov) vyning mepiektikdmtog oe  pikpodoun -3,4  (Plss). Zvykekpipéva,
ocuvtédnkav técoepa (4) opomoivpepn Plsg4 youniod kot vyniold poprakov Bdapovg, dvo
OLOTOAVLEPT] TOAVTAOKNG apYITEKTOVIKNG TOV TOTOL H-Pls 4, Tévte (5) ypappukd dicvotadikd
ovpmolvpepn tov Tomov PB-b-Ply, (6mov PB: moAv(Bovtadiévio) ikpodoung -1,4)
evorauecsov (~100,000 g/mol) kot vynrod poplakod Papovg (~1,000,000 g/mol) kabdg kot
WKTOKA®VOV 06TEPOEBDV GUToAVUEP®Y TV TOT®mV PB(Pls4), ko PB(Pl34)z e mepimov ta
010 HOPLOKA  YOPOUKTNPIOTIKG UE OVTE TOV YPOUUIK®DY OlCVGTUOIKAOV GUUTOAVUEPDV
avticTotya.

H obvleon tov ypopukov OUOTOALUEPGY TOAV(1GOTPEVIOV) TPOyUaTOTOMONKE
UEG® TOL OVIOVTIKOD TOAVUEPICUOD UE YPNOT TEXVIKOV DYNA0D KevoD. O TOAVUEPIGUOG TOV
1oompeviov emTtevyOnKe ypnolpomoldvTag Tov anapynt Sec-BuLi oe dohvtn Pevioiio kot
npocbétovrag pio pikpn mocotnte THF (~1 mL), dote vo gupavilelt 10 moAv(160mpévio)
VYMAY TEPIEKTIKOTNTO 68 puKkpodoun| -3,4 (55-65%).

H ouvBeon tov moAdTAOKNG 0pYITEKTOVIKNG OLOTOAVIEP®V TOV TOToV H-Pl3 4 apyikd
nepleAdpfove TNV TOPOOKELY]  TOL  OLOPOCTIKOV avtdpaotnpiov  ovlevéng 4-
(chlorodimethylsilyl)styrene (CDMSS), to omoio ypnotpomomdnke yw v ovvleon evog
pokpoamopynt| omd v ovlevén tov pe Lwvtavodg kAadovg Pl X ocuvvéyew
TOPOUCKEVACTNKE £V AOTEPOEIDES OUOTOAVUEPES TPIOV KAASWY ToL TOTOV (Pl34),Pl34” 01OV
péom avtdpdoemv o0levEng pe 1o katdAnio yropoostkavio [(CH3),SiCly], mpoékvyay ta
eMBLUNTA OLOTOAVUEPT] TOAVTAOKNG OPYLTEKTOVIKNG TOL TOTOV H-Pl3 4

Mo v obvBeon TOV YPOUUIK®OV S1GVGTASIKOV GUUTOAVUEP®Y XPNCLUOTOMONKE N
UEDOSOC TOL OVIOVTIKOD TOAVUEPIGUOD HE TEYVIKEG VYNAOD KEVOD UEG®  OlOOOYIKNG
TPocONKNC povouep®dv. Q¢ amapynTNG TOL TOAVUEPIoHOD Ypnolporodnke To sec-BuLi oe
dradvtn Pevioro kot tpocsbitovtag pio pikpn tocdtnte. THF (~1 mL) mpwv tov molvuepioud
TOV 1007PEVIOV, Yo TNV EMiTEVEN TNG VYNANG G TEPLEKTIKOTNTA LKPodoung -3,4. Tuvténke
éva, peydio e0pog KAaoudtmv 0ykov yia 1o PB xopavouevo amd 0,30 émg 0,70 (0,30 < @pg <
0,70). I'o TV TOPACKELT] TOV OGTEPOELODY GUUTOAVUEPDY Ypnopomombnke n uébodog tov
OVIOVTIKOD TOAVUEPIGUOD GE GLVOVAGUO e TV ynueio yAowpocsthaviov. Ot avtidpacelg
o0levéng tov kaTtdAiniov yropootiaviov (CH3SICls 1 SiCly) pe tovg evepyoig kAGdovg Tov
PB ka1 tov Pl, odnyncav oty enttuyn obvbeon 1oV WKTOKAOVOV 0GTEPOEWOMY VIO ATOAVTO
eleyyoueveg ovuvinkeg. Ta poprokd PBapn 6mwg Kot To KAAGHOTO OYKOV TOV GLGTAS®V NTOV

TEPITOL 100 e AVTA TOV YPOUUIKOV SIGVGTAOIKOV CUUTOAVUEPGDV.
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O poploxdsg YopaKINPIGUOG TOV OEYUATOV TPAYUATOTOMONKE HE TIG TEXVIKEG TNG
ypopatoypaeiog omokielopod peyebov (size exclusion chromatography, SEC)
oopopetpiog pepPpavng (membrane osmometry, MO) yio Tov VTOAOYIGHO TOV KOTOVOUMDV
LOPLOK®V Papdv Kol TOV HECOV HOPLoK®V Bapdv Kot apBud. Emmiéov, ypnooromdnke n
QAGUOTOGKOTIOL TUPNVIKOD  HayvnTikod ovvtoviopod mpotoviov (‘H-NMR) dote va
emPePornbodv to KAaopato pHalag Kot 1 OHO0YEVELD G TTPOG TIV GVOTOOT] KOl TO LOPLOKO
Bapoc, Kobmdg Kol To TOCOCTE TMV WKPOSOUMV TV ToAvdlevimv. Emiong éywve ypnon g
dwapopikng OBepdopetpioc ocdpwong (differential scanning calorimetry, DSC) wote va
TPOGOOPIGTOVV 01 Beppokpacieg valadovg petdntmons (Tg) TOV TEMKOV derypdTmv Kot v
peietnOei n e&dptnon g omd To poplokd Papoc.

O HOPPOAOYIKOS YOPOUKTNPIGUOG T®V YPOUUKODV OlGVGTAOIKAV CUUTOADUEPDY
KoODC Kol TOV 0OTEPOEWOMY GUUTOAVUEPDOV TPAYLOTOTOWONKE He TNV ¥PNON NG
NAEKTPOVIKNG HiKpooKoTmiog diéhevong eotevod mediov (bright field transmission electron
microscopy, TEM), 610V moTomomdnKe 0 LKPOPAGTKOG So®PIOHOS TOV GLGTASMY.

Téhog, péow g cuvepyasiog pe v gpguvnTiky opdda tov Kabnynt S.-Q. Wang
(Morton Institute of Polymer Science and Engineering, The University of Akron, Ohio,
USA), owe&nybnoav peréteg g mPOg TNV PEOAOYIKY] GULUTEPLPOPE TMV YPOUUIKOV Kot
TOAOTAOKNG OPYLTEKTOVIKNG OUOTOALUEPDV TOAV(IGOTPEVIOV) VYNANG TMEPIEKTIKOTNTOS OF

wikpodopn -3,4 (Pls4) pe moAAG evola@épovTa amoTeAEcUATOL.
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Newcastle Upon Tyne, Department of Chemistry for the 18-Month Meeting
for the EU funded proposal (LAMAND).

May 15-29, 2012: Visiting Researcher, Phononics and Photonics
Nanostructures Group, Catalan Institute of Nanotechnology, Campus de la
UAB, Barcelona, Spain, Collaboration through EU funded proposal
(LAMAND): Training and research on nanolithography techniques for
diblock copolymers of PS-b-PDMS, PS-b-PMMA, PS-b-PEO, PS-b-PB, PI-b-
PPMDSS types.

Supervisor: Professor Clivia Sotomayor Torres
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June 3-16, 2013: Visiting Researcher, Phononics and Photonics
Nanostructures Group, Catalan Institute of Nanotechnology, Campus de la
UAB, Barcelona, Spain, Collaboration through EU funded proposal
(LAMAND): Research on nanolithography techniques for triblock
copolymers of PS-b-PDMS-b-PS type and comparison with results from PS-b-
PDMS type.

Supervisor: Professor Clivia Sotomayor Torres
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