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Preface

The present volume examines the coherent scientific community devoted to the
study of Silicon Containing Copolymers. It starts with a series of studies of silicone
and silicon-based block copolymers that were important in the synthesis of new
polymeric materials with new properties.

Recent advances in controlled radical polymerization techniques have led to
facile synthesis of well-defined block copolymers with a wide range of functional
monomers. The excellent properties of silicone polymers include high stabilities
toward heat and ultraviolet radiation, very low glass transition and melting tem-
peratures, and good gas permeability and low surface tension, and most impor-
tantly, polysiloxanes are nontoxic and environmentally compatible. The association
between polysiloxanes and various polymers open the way to various industrial
applications. Block and graft copolymers were prepared using ATRP. This volume
describes the synthesis of novel triblock and pentablock copolymers based on
PDMS macroinitiators with various vinyl monomers.

A history of the Amiri Discussions that led up to this event is presented. The
book concludes with an essay on the history of silicone-based polymers’ synthesis
and characterization. The factors that influenced this history form a fascinating
study of new findings in synthesis of various Poly(dimethyl siloxane)-based
copolymers via atom transfer radical polymerization (ATRP) or cobalt-mediated
radical polymerization (CMRP), the formation of a now thriving scientific research
community.

Sahar Amiri
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Chapter 1
Introduction

Abstract Recent advancements in controlled radical polymerization techniques
have led to the facile synthesis of the well-defined silicon-based thermoreversible
block copolymers. Because of their inorganic—organic structure and the flexibility
of the silicone bonds, silicones have some unique properties including thermal
oxidative stability, low temperature flow ability, high compressibility, low surface
tension, hydrophobicity, good electric properties and low fire hazard. Well-defined
silicon-based block copolymers were synthesized via ATRP of St, MMA, MA,
BDMP or VAc monomers at 60 °C using CuClI/PMDETA as a catalyst system
initiated from Br-PDMS-Br. Also new polyrotaxanes were synthesized based on
new copolymers via inclusion complex of y-cyclodextrin and block copolymers.

Keywords Poly(dimethyl siloxane) (PDMS) - Atom transfer radical polymeriza-
tion (ATRP) - Cobaltmediated controlled radical polymerization (CMCRP) -
v-Cyclodextrin - 4-Bromo-2,6-dimethylphenol (BDMP)

Silicones are the most versatile polymer known, are organo-metallic polymers
derived from sand which is the abundant raw material on earth. The majority of
silicone based polymers is poly(dimethyl siloxanes). Because of their inorganic-
organic structure and the flexibility of the silicone bonds, silicones have some unique
properties including thermal oxidative stability, low temperature flow ability, high
compressibility, low surface tension, hydrophobicity, good electric properties and
low fire hazard. These current special properties have encouraged us to explore
alternative method in synthesis of well-defined controlled microstructures of silicone
copolymers. Copolymers containing poly(dimethyl siloxane) (PDMS) have received
considerable attention due to their unique properties, such as very low glass tran-
sition temperature, low surface energy, low solubility parameter and physiological
inertness. Some of their specialty applications are in the fields of biomaterials and
surfactants. Though a variety of synthetic routes have been used to prepare PDMS
containing copolymers, less work has been done preparing block copolymers of
dimethyl siloxane with various vinyl monomers. Recent advancements in controlled
radical polymerization techniques have led to facile synthesis of the well-defined
silicon based block copolymers. PDMS block and graft copolymers are expected to

© The Author(s) 2014 1
S. Amiri et al., Silicon Containing Copolymers,
SpringerBriefs in Molecular Science, DOI 10.1007/978-3-319-09225-6_1



2 1 Introduction

possess unique physical properties making them viable candidates for materials such
as thermoplastic elastomers, compatibilizers for silicone rubbers, surfactants for
supercritical carbon dioxide and thermoreversible block copolymers. Several syn-
thetic methods for PDMS copolymers have been reported. The best results were
obtained using living anionic polymerization. Atom transfer radical polymerization
(ATRP) and cobalt-mediated controlled radical polymerization (CMCRP) are con-
sidered to synthesis new PDMS based homo and block copolymers with new
properties. CMCRP particularly have a number of advantages over the already well-
known oxidative coupling or phase transfer reactions reported earlier [1-2]. ATRP is
initiated by alkyl halides, and therefore, any polymer that has a sufficiently active
alkyl halide end-group could initiate ATRP to afford block copolymers. The purpose
of this study was to expand the scope of the ATRP method to produce block
copolymers from PDMS macroinitiators. It has been successfully employed in the
synthesis of a large range of previously unknown well-defined block copolymers.
An important advantage of CMCRP is the copolymerization reaction of various
monomers such as vinyl acetate (VAc), styrene (St), poly(dimethyl siloxane)
(PDMS), methyl methacrylate (MMA), methyl methacrylate (MA) and 4-bromo-
2,6-dimethylphenol (BDMP). New architectural designs for controlled compositions
of block copolymers is of a great need in the area of macromolecular design of
membranes, foams, and drug delivery systems.

In this study, inclusion complexes of y-cyclodextrin (y-CD) and boromoalkyl-
terminated poly(dimethylsiloxane) (Br-PDMS-Br) were synthesized at room tem-
perature for 7 days without utilizing sonic energy, for the first time and characterized
with various methods. This inclusion complex could be used as macroinitiator in
ATRP reactions which let us synthesis of new block copolymers of silicone suitable
for membrane applications with well-define microstructure and favorite thermal
properties.

Well-defined silicon based block copolymers were synthesized via ATRP of St,
MMA, MA, BDMP or VAc monomers at 60 °C using CuCI/N,N,N’,N",N"-penta-
methyldiethylenetriamine (PMDETA) as a catalyst system initiated from Br-PDMS-
Br. Well-defined poly(vinyl acetate-b-dimethyl siloxane-b-vinyl acetate) (PVAc-b-
PDMS-b-PVAc), poly(phenylene oxide-b-dimethyl siloxane-b-phenylene oxide)
(PPO-b-PDMS-b-PPO) triblock and poly(vinyl acetate-b-styrene-b-dimethyl silox-
ane-b-styrene-b-vinyl acetate) (PVAc-b-PSt-b-PDMS-b-PSt-b-PVAc), Poly(vinyl
acetate-b-styrene-b-dimethyl siloxane-b-styrene-b-vinyl acetate) (PVAc-b-PSt-b-
PDMS-b-PSt-b-PVAc) and poly(methyl methacrylate-b-vinyl acetate-b-dimethyl
siloxane- b-vinyl acetate-b-methyl methacrylate) (PMMA-b-PVAc-b-PDMS-b-
PVAc-b-PMMA) pentablock copolymers were confirmed by '"H-NMR, GPC and
DSC.

Recent advancements in controlled radical polymerization techniques have led to
the facile synthesis of the well-defined silicon based thermoreversible block
copolymers. ATRP has been utilized to develop well-defined functional thermo-
reversible block copolymers. Polyrotaxanes have attracted much attention in the
past decades for their great potential as stimulus-responsive materials which can
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produce PDMS based thermoreversible block copolymers. In this study thermore-
versible block copolymers were synthesized via 2 methods:

(1) Used inclusion complex between y-CD and Br-PDMS-Br as macroinitiator in
ATRP of various monomers
(2) Synthesis of pentablock copolymers and reacted with y-CD in a CMRP

Polyrotaxane based on block copolymers can undergo a temperature-induced
reversible transition upon heating of the copolymer complex from a white complex
at 22 °C to a green complex in 55 °C which characterized with XRD and "H-NMR.
XRD showed a change in crystallinity percent of St peak with changing the
temperature.



Chapter 2
Polyrotaxane Based on Inclusion
Complexes of OH-PDMS-OH

and Br-PDMS-Br with y-Cyclodextrin
Without Utilizing Sonic Energy

Abstract y-Cyclodextrin (y-CD) was found to form inclusion complexes with
poly(dimethylsiloxane)s (PDMS) under sonic energy and the products were crys-
talline compounds in high yields, which have been investigated extensively in the
past. In this study, an inclusion complex between PDMS and y-CD was synthesized
at room temperature in the presence of light and mixing, in the absence of light and
in the absence of mixing. These inclusion complexes (ICs) were characterized by
XRD, DSC, 'H-NMR and FT-IR spectroscopy. The findings suggest that the
reaction conditions change the crystalline structure and mole ratios of the com-
plexes (monomer unit/y-CD) determined by '"H-NMR spectroscopy for all of the
ICs with y-CD.

Keywords Poly(dimethylsiloxane) (PDMS) - y-Cyclodextrin(y-CD) - Inclusion
complex formation - Sonic energy

2.1 Introduction

y-cyclodextrin (y-CD) formed inclusion complexes with bis(hydroxyalkyl)-termi-
nated poly(dimethyl siloxane) (OH-PDMS-OH) and bis(2-bromoisobutyrate)-ter-
minated poly(dimethyl siloxane) (Br-PDMS-Br) at room temperature for 7 days
without utilizing sonic energy which gives crystalline compounds. Complexes of
CDs with silicon-containing polymers are formed as new organic-inorganic hybrids
with exact stoichiometric relationships. Cyclodextrins are cyclic oligosaccharides
the most common consisting of 6, 7 and 8 glucopyranose units linked by R-1,4
glucosidic bonds; they are called a-cyclodextrin (a-CD), B-cyclodextrin (5-CD) and
y-cyclodextrin (y-CD), respectively [1-3]. They present a truncated cone shape with
a hydrophobic core, which can accommodate nonpolar compounds [4, 5] and two
hydrophilic rims composed of -OH groups. The inclusion complex (IC) formation
depends on internal parameters (the nature of the CD, polymer and solvent media)
as well as on external parameters (temperature and pressure). Accordingly, new

© The Author(s) 2014 5
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6 2 Polyrotaxane Based on Inclusion Complexes...

strategies were developed to fabricate novel supramolecular hydrogels via several
routes. Recently, attention has been paid on ICs formed by CDs and inorganic
polymers which offer different sites of binding and may be selectively threaded by
CDs [4-8]. In 1990, Harada and Kamachi discovered an inclusion complexation of
many o-CDs and poly(ethylene glycol) (PEG) that resulted in the formation of
polypseudorotaxanes [6]. This chapter describes the preparation and characteriza-
tion of inclusion complexes of CDs with OH-PDMS-OH and Br-PDMS-Br at room
temperature for 7 days.

The results indicated the successfully formation of an inclusion complex
between y-CD/PDMS and y-CD/Br-PDMS-Br. Differential scanning calorimetry
(DSC) analysis confirmed the existence of the complex with an endothermic
melting peak of y-CD at about 110 °C and the one at 310 °C disappearing [6-S8].

2.2 Inclusion Complex of y-CD and OH-PDMS-OH
and Br-PDMS-Br

"H-NMR of the functionalized OH-PDMS-OH was used to verify the quantitative
modification of the end groups to the terminal bromine atoms (Fig. 2.1). The
volatiles were removed under vacuum from the final product. GPC analysis showed
M, = 14,800, with a MWD = 1.93, maximum yield determined gravimetrically is
82 %. "H-NMR (CDCls) indicated & = 0.0—0.3 ppm for protons of methyl groups of
-Si(CH3),0, 6 = 2.0 ppm for methylene group next to the bromide [6, 9-11]
(Scheme 2.1).

When OH-PDMS-OH or Br-PDMS-Br (liquid) was added to aqueous solutions
of y-CD (diameter of the cavity: 7.0 A) and the mixture was mixed at room
temperature for 7 days, the heterogeneous solution became turbid and the com-
plexes were formed as crystalline precipitates. This is the first observation in which
v-CD forms a complex with inorganic polymers at room temperature without sonic
energy. Table 2.1 shows the results of the complex formation between y-CD and
OH-PDMS-OH or Br-PDMS-Br at room temperature for 7 days. y-CD forms a
complex as soon as OH-PDMS-OH or Br-PDMS-Br is added and the reaction yield
becomes higher after 6 days at the room temperature without sonic energy. The
yield of y-CD/OH-PDMS-OH and y-CD/Br-PDMS-Br is 79 and 71 % respectively.
The cavity of the y-CD is large enough to accommodate PDMS [7, 12-14].

2.3 Stoichiometries

The complex formation of y-CD with OH-PDMS-OH or Br-PDMS-Br was studied
quantitatively. The amount of the complex formed increased with an increase in the
amount of OH-PDMS-OH or Br-PDMS-Br added to the aqueous solution of y-CD.
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Fig. 2.1 '"H-NMR spectra of a HO-PDMS-OH and b Br-PDMS-Br macroinitiator in the CDCl3
solvent

The amount of the complex showed similar values even if excess amounts of OH-
PDMS-OH or Br-PDMS-Br were used; this indicates the stoichiometric complex-
ation. The continuous variation plot for the formation of the complex between y-CD
and OH-PDMS-OH or Br-PDMS-Br is at maximum level in 2:3 and 1:1 stoichi-
ometry (monomer unit: y-CD) respectively (Fig. 2.2). The stoichiometry was
confirmed by the use of 'H-NMR spectroscopy. The length of the 1.5 monomer
units corresponds to the depth of the y-CD cavity.
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Scheme 2.1 Reaction scheme for the synthesis of bis(2-bromoisobutyrate)-terminated PDMS
macroinitiator from bis(hydroxyalkyl)-terminated PDMS

Table 2.1 Assignments of Wavenumber (cm ™ ) Assignment

FTIR of PDMS/y-CD -
2960 v(C-H) in CH;
1259.90 8(C-H) in Si-CHj3
791 0,(Si-O-Si) in Si-O-Si
723 v,(Si-O-Si) in Si-O-Si
601 P(C-H) in Si-CHj3
3369 v (O-H) in y-CD

v = stretching mode, v, = asymmetric stretching, vy = symmetric
stretching, 8 = in-plane bending or scissoring, p = in-plane
bending or rocking

2.4 Characterization Inclusion Complex Formation

The complexes were isolated by centrifugation, then washed, and dried. The
inclusion complexes were thermally stable. The complexes were insoluble in water,
even under boiling conditions [12, 15]. The FTIR spectrum of the PDMS/y-CD is
provided in Fig. 2.3. The spectrum showed strong Si-O-Si stretching absorptions at
400-800 cm ™', which is characteristic of a siloxane backbone. The complete list of
FTIR structure assignments is given in Table 2.1.

The X-ray diffraction pattern of the complex between y-CD/OH-PDMS-OH and
v-CD/Br-PDMS-Br complexes at room temperature for 7 days shows that the
complexes are crystalline (Fig. 2.4). The X-ray diffraction studies (powder) show
that all of the complexes are crystalline, although linear PDMS is a liquid at room
temperature. Harada reported that the crystal structures of CD complexes are
classified mainly into three types: channel-type, cage-type, and layer-type [6].

The complexes were found to have a cage-type structure at room temperature
(Fig. 2.4a, b). The reflection peaks y-CD/OH-PDMS-OH and y-CD/Br-PDMS-Br
complexes are different from those of the y-CD [12]. Figure 2.5 shows the "H-NMR
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Fig. 2.5 '"H-NMR spectrum of the complex between a OH-PDMS-OH/y-CD 7 and b Br-PDMS-
Br/y-CD 7 day at room temperature

spectrum of the complex between y-CD and PDMS. We calculated the mole ratio of
OH-PDMS-OH or Br-PDMS-Br to y-CD in the complexes. The moles ratios of the
complexes are 2:3 and 1:1 (monomer unit: y-CD) for OH-PDMS-OH/y-CD and Br-
PDMS-Br/y-CD respectively, which is similar to those obtained from the conver-
sion of complex (Fig. 2.1). The length of 2 monomer units corresponds to the depth
of the y-CD cavity.

DSC thermograms of y-CD and the inclusion complex of OH-PDMS-OH/y-CD
and Br-PDMS-Br/y-CD in the temperature range from —100 to +350 °C are shown in
Fig. 2.6. DSC has been used to characterize the thermal and structural properties of
many compounds. DSC is a useful tool to determine the melting and crystallization
temperatures, which can provide both quantitative and qualitative information about
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the physiochemical state of the guest inside the CD complexes. The DSC plot of y-
CD, showed that two endothermic peaks were observed in the temperature range
between 100 and 110 °C due to the loss of water and near 320 °C due to the y-CD
fusion [16, 17]. Glass transition temperature (Ty) of PDMS cannot be observed in
Fig. 2.6, because its value has been reported to be about —120 °C [18-20]. The DSC
thermograms for the OH-PDMS-OH/y-CD and Br-PDMS-Br/y-CD systems show
sifting the persistence exothermic peak of PDMS (at —120 °C) in all products. These
results are characteristic of the microphase separated morphology of the inclusion
complex. On the basis of DSC results, one can conclude that the inclusion complex of
OH-PDMS-OH/y-CD and Br-PDMS-Br/y-CD has successfully been synthesized.

2.5 Summary

This is the first observation that cyclodextrins have formed a complex with inor-
ganic polymers at room temperature without sonic energy. These kinds of com-
plexes may provide a new way of creating new organic-inorganic hybrids and other
functional supramolecular architectures, especially inclusion complexes of y-CD
and OH-PDMS-OH or Br-PDMS-Br. The results showed that monomer structure
may affect the monomer unit/y-CD calculated through 'H-NMR. The DSC results
indicated that the inclusion complexes of OH-PDMS-OH/y-CD and Br-PDMS-Br/
v-CD have successfully been synthesized.
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Chapter 3

Synthesis and Characterization of PDMS
Based Triblock and Pentablock
Copolymers

Abstract Poly(dimethylsiloxane)-based triblock and pentablock copolymers have
been synthesized via atom transfer radical polymerization (ATRP) of styrene (St) and
vinyl acetate (VAc) telomer at 60 °C in the presence of CuCl/PMDETA as a catalyst
system initiated with bis(bromoalkyl)- terminated PDMS macroinitiator (Br-PDMS-Br).
Vinyl acetate telomers prepared from radical and controlled radical telomerization
with Co(acac),/DMF catalyst and ligand were used in atom transfer radical polymeri-
zation to synthesize poly(vinylacetate-b-dimethylsiloxane-b-vinylcetate) (PVAc-b-
PDMS-b-PVAc) triblock copolymer and poly(vinyl acetate-b-styrene-b-dimethyl
siloxane-b-styrene-b-vinyl acetate) (PVAc-b-PSt-b-PDMS-b-PSt-b-PV Ac) pentablock
copolymers. The PDMS-based triblock and pentablock copolymers revealed a signifi-
cant effect of Co(acac),/DMF on PVAc telomere, which was used in the synthesis of
highly ordered block copolymer on a well-defined microstructure. The results were
confirmed by '"H-NMR and DSC indicating that a low Tg of PDMS in the microstructure
of block copolymer has made the block copolymer flexible for new applications.

Keywords Poly(vinyl acetate) (PVAc) - Poly(dimethylsiloxane) (PDMS)
Polystyrene (PSt) - Atom transfer radical polymerization (ATRP) - Block
copolymers - Telomerization - Co(acac),

3.1 Introduction

Poly(dimethyl siloxane) (PDMS) based triblock and pentablock copolymers were
synthesized via atom transfer radical polymerization (ATRP) of vinyl acetate
(VAc), styrene (St), methyl acrylate (MA) and methyl methacrylate (MMA)
monomers at 60 °C using CuCl/N,N,N’,N”,N"-pentamethyldiethylenetriamine
(PMDETA) as a catalyst system initiated from boromoalkyl-terminated poly
(dimethylsiloxane) (Br-PDMS-Br) macroinitiator. Well-defined poly(vinyl acetate-
b-dimethyl siloxane-b-vinyl acetate) (PVAc-b-PDMS-b-PVAc) triblock and poly

© The Author(s) 2014 13
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(vinyl acetate-b-styrene-b-dimethyl siloxane-b-styrene-b-vinyl acetate) (PVAc-b-
PSt-b-PDMS-b-PSt-b-PVAc), poly(vinyl acetate-b-styrene-b-dimethyl siloxane-b-
styrene-b-vinyl acetate) (PVAc-b-PSt-b-PDMS-b-PSt-b-PVAc) and poly(methyl
methacrylate-b-vinyl acetate-b-dimethyl siloxane-b-vinyl acetate-b-methyl meth-
acrylate) (PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA) pentablock copolymers
were confirmed by lH—NMR, GPC and DSC.

Silicones have been used as co-monomers incorporating other monomers and
polymers to yield new properties. Condensation polymerization has been widely
utilized to prepare the copolymers of silicone with urethane and amides [1, 2]. The
excellent properties of silicones with their marvelous thermal properties and sta-
bility, and relatively low glass transition temperatures have made this polymer ideal
for manufacturing membranes [3-5]. Authors of the current study have addressed
earlier the synthesis of block copolymers with silicones containing styrene (St) via
atom transfer radical polymerization (ATRP) with CuC/PMDETA catalyst [6, 7].
To make the new block copolymers of silicone suitable for membrane applications,
silicone macroinitiator has been used in ATRP reaction with vinyl monomers, while
highly rubbery silicone segments are designed in a macromolecular structure with a
more rigid vinyl segments. This produces a new no-rigid block copolymer with a
well-define microstructure and favorite thermal properties [8, 9]. In this study,
thermal properties of the triblock and pentablock copolymers was investigated by
DSC which revealed a nearly available way to synthesize polymers with soft
segments of PDMS at T, = —120 °C [6], PMMA at 89 °C, PSt at 110 °C and PVAc
segments at 45-50 °C [7-10]. This is known as a suitable material to synthesize a
rigid block of the new block copolymers from PDMS. These block copolymers
provided a method to design the block copolymer with PDMS segment, allowing us
for the adjustments in the flexibility by PDMS and large effect of softening point
(Tg), or rigidity from styrene, methyl acrylate or methyl methacrylate monomers
from the higher melting temperature (T,,).

3.2 Characterization of the PDMS Macroinitiator
(Br-PDMS-Br)

"H-NMR of the functionalized PDMS was used to verify the quantitative modifi-
cation of the end groups to the terminal bromine atoms (Fig. 3.1). The volatiles
were removed under vacuum from the final product. GPC analysis showed
Mn = 14,800, with a MWD = 1.93, maximum yield determined gravimetrically is
82 %. "H-NMR (CDCls) indicated & = 0.0-0.3 ppm for protons of methyl groups of
-Si(CH3),0, 6 = 2.0 ppm for methylene group next to the bromide (Scheme 3.1)
[6, 7].
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Fig. 3.1 '"H-NMR spectra of HO-PDMS-OH a and Br-PDMS-Br macroinitiator b in the CDCl3
solvent

3.3 PVAc-b-PDMS-b-PVAc Triblock Copolymers

First-order kinetic polymerization plots of PVAc initiated by Br-PDMS-Br mac-
roinitiator and number average molecular weight, M,,, versus conversion in this
polymerization are depicted in Fig. 3.2. The linear fit demonstrated that the constant
concentration of propagating radical species and radical termination reactions are
not significant. This was further supported by the linear increase in the molecular
weight upon conversion, indicating that the number of chains remains constant
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M,, on the monomer conversion for the ATRP of PVAc initiated with PDMS at 60 °C

during the reaction. The molecular weight distribution is also decreased with pro-

gress of the polymerization, implying that nearly all the chains have started to grow
simultaneously (Fig. 3.2).

3.3.1 Characterization of PVAc-PDMS-b-PVAc Triblock
Copolymer

The controlled polymerization uncovered a narrow molecular weight distribution
which was in a good agreement with both theoretical and experimental molecular
weights (Table 3.1). GPC results during the ATRP reaction of PVAc with PDMS
macroinitiator are shown in Table 3.1.
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Table 3.1 Summary of the results obtained from GPC and 'H-NMR analysis for PVAc-PDMS-b-
PVAc block copolymers at 60 °C for 6 h

(Co)Polymer X (%) M, theory (g mol )P M,_cpc (g mol™ ') PDI
Br-PDMS-Br 87 14,282 14,800 1.93
PVAc-b-PDMS-b-PVAc 54 18,500 19,000 1.45

 Final conversion measured by gravimetric method
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Fig. 3.3 '"H-NMR spectrum of the ATRP of PVAc initiated with Br-PDMS-Br at 60 °C for 6 h

"H-NMR spectra of the PVAc-b-PDMS-b-PV Ac triblock copolymers have been
illustrated in Fig. 3.3. All signals of the "H-NMR spectra were assigned to their
corresponding monomers and it can be declared that the synthesis of triblock
copolymers have been proceeded successfully.

The "H-NMR of triblock showed a signal at 0.0-0.2 ppm which was attributed to
CHj3-Si methyl protons of PDMS, while the signals at 2.1-2.3 ppm correspond to
CH; group of the PVAc segment [5, 10]. The area ratio of 6H signal from PSi to that
of vinyl acetate showed that the ratio of sequence lengths of PVAc with respect to
PDMS was found as X = (A/6)/(A*/6) = 2.14 (A* and A represent areas for the
protons of methyl groups of —Si(CH3),0 and vinyl protons, respectively). It was
possible to synthesize the PDMS-based triblock copolymers via ATRP from vinyl
acetate in the presence of OH-PDMS-OH macroinitiator [10-12]. DSC thermograms
of PVAc-b-PDMS-b-PVAc initiated with Br-PDMS-Br at 60 °C for PDMS-based
triblock copolymers at the range of —150 to 150 °C are depicted in Fig. 3.4. PDMS
and PVAc segments in the corresponding triblock copolymers exhibited a T, value of
—120 °C for the soft block [6] as well as a 45-50 °C for the rigid block [10]. It can be
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Fig. 3.4 DSC thermograms for the ATRP of PVAc initiated with Br-PDMS-Br from —150 to
150 °C with heating rate of 10 °C/min

inferred from Fig. 3.4 that the T, values of PVAc segments are somewhat decreased
using flexible PDMS segments in the center of the triblock copolymers [6].

3.4 PVAc-b-PSt-b-PDMS-b-PSt-b-PVAc Pentablock
Copolymers

First-order kinetic polymerization plots of St and PVAc initiated by PDMS mac-
roinitiator indicated that concentration of propagating radical species is constant
and radical termination reactions are not significant on the time scale of the reac-
tion. Within the bounds of experimental since the molecular weight distribution
remained low during the polymerization, nearly all the chains were expected to
have been started and grow simultaneously during an equilibrium step [26].

3.4.1 Characterization of PVAc-b-PSt-b-PDMS-b-PSt-b-PVAc
Pentablock Copolymers

The results obtained from GPC are shown in Table 3.2 and there is good agreement
between the theoretical and experimental molecular weight GPC results [26].
'"H-NMR spectra of the PVAc-b-PSt-b-PDMS-b-PSt-b-PVAc pentablock
copolymer have been demonstrated in Fig. 3.5. All signals of the "H-NMR spectra
were assigned to their corresponding monomers and it can be declared that
the synthesis of pentablock copolymers have proceeded successfully [12, 13]. The
"H-NMR of pentablock showed a signal at 0.0-0.2 ppm associated with CH;-Si
methyl protons of PDMS along with the signals at 2.1-2.3 and 6.6—7.1 ppm cor-
responded to OCOCHj; group from the PVAc segment and PSt segment respec-
tively. Therefore, it is possible to synthesize the PDMS-based pentablock
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Table 3.2 Results obtained from GPC and "H-NMR Analyses for the PV Ac-b-PSt-b-PDMS-b-
PSt-b-PVAc pentablock copolymers

(CO)POIYmer X Mn,lhcory Mn,GPC PDI
(%) | (gmol ")’ (g mol™")

Br-PDMS-Br 87 14,282 14,800 1.93

PV Ac-b-PSt-b-PDMS-b-PSt-b- 54 20,300 21,700 1.5

PVAc

 Final conversion measured by gravimetric method

b [M] .
Mm[heory = 2(Mn.Mm‘r0iniriamr + [M% X Mn.PDMS X Converszon)
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Fig. 3.5 '"H-NMR traces for the PVAc-b-PSt-b-PDMS-b-PSt-b-PVAc pentablock copolymers
initiated with Br-PDMS-Br and St and VAc as monomers at 60 °C for 6 h

copolymers via ATRP of monomers such as vinyl acetate and styrene in the
presence of bis(haloalkyl)-terminated PDMS macroinitiator [12, 13].

The well-define microstructure can be used in macromolecular design of the
pentablock copolymer, assuming one can increase the mole ratio of the monomer or
used different molecular weight of the VAc or Br-PDMS-Br macroinitiator in the
structure [26].

The ratio of sequence lengths of PVAc and PDMS was 2.17 and for PSt to
PDMS was 2.38, so pentablock copolymers of PVAc-b-PSt-b-PDMS-b-PSt-b-
PVAc were synthesized. Therefore, it is possible to synthesize the PDMS-based
pentablock copolymers via ATRP of monomers such as vinyl acetate and styrene in
the presence of OH-PDMS-OH macroinitiator [12, 13]. DSC thermograms of
PDMS-based block copolymers are depicted in Fig. 3.6 for temperature range of
—100 to +200 °C. Glass transition temperature (Ty) of PDMS is expected to be
about —120 °C, thus it is observed in Fig. 3.6 at —59 °C [6, 10]. PVAc and PSt
segments exhibited T, values of 40 and 105 °C [9, 12, 13], respectively for the
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Fig. 3.6 DSC thermograms for the PV Ac-b-PSt-b-PDMS-b-PSt-b-PV Ac pentablock copolymers
initiated with Br-PDMS-Br and St and VAc as monomers at 60 °C for 6 h

corresponding block copolymers. Considering the DSC results, one can conclude
that the PDMS-based penta-block copolymers have been synthesized successfully.

3.5 PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA-b-
PSt and PSt-b-PMA-b-PVAc-b-PDMS-b-PVAc-b-
PMA-b-PSt Block Copolymers

First-order kinetic polymerization plots of St, MA, MMA and PVAc initiated by
Br-PDMS-Br macroinitiator are shown in Fig. 3.7.

The linear fit indicated that the concentration of propagating radical species is
constant and radical termination reactions are not significant over time scale of the
reaction. It was found that the molecular weights increase almost linearly with
conversion, indicating that the number of chains was constant and the chain transfer
reactions were rather negligible [16—18]. Thus from Fig. 3.7, one may conclude that
the polymerization was controlled and had narrow molecular weight distribution.

3.5.1 Characterization of PSt-b-PMMA-b-PVAc-b-PDMS-b-
PVAc-b-PMMA-b-PSt and PSt-b-PMA-b-PVAc-b-
PDMS-b-PVAc-b-PMA-b-PSt Block Copolymers

GPC traces for the progress of ATRP reaction of PVAc, PSt, PMA and PMMA
initiated with Br-PDMS-Br macroinitiator is represented in Fig. 3.8 (Table 3.3). The
growing peak of block copolymers remained monomodal throughout the reaction,
indicating that all the unreacted attachable initiators have been removed prior to
polymerization [9, 13, 19-21].
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Table 3.3 Results obtained from GPC analysis for PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-
PMMA-b-PSt and PSt-b-PMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt block copolymers

(Co)Polymer X (%)* | Mygpc (gmol™ ") | PDI
Br-PDMS-Br 87 14,800 1.93
PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA-b-PSt | 75 38,500 1.36
PSt-b-PMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt 54 28,900 1.45

# Final conversion measured by a gravimetric method

a a a
e oottt o
0%0/\/\&,0{.&,%&./\/\0/\/0
f cb] [ M be f
CH, CH, CH,
a a a

(dey)

0 @b
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Fig. 3.9 '"H-NMR traces for the PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA-b-PSt and
PSt-b-PMA-b-PVAc-b-PDMS-b-PVAc-b-PMA-b-PSt block copolymers initiated with PDMS
macroinitiator and MMA, MA, St and VAc as monomers at 60 °C

"H-NMR spectra of the PSt-b-PMMA-b-PV Ac-b-PDMS-b-PVAc-b-PMMA-b-
PSt and PSt-b-PMA-b-PVAc-b-PDMS-b-PV Ac-b-PMA-b-PSt block copolymers
have been demonstrated in Fig. 3.9. All signals of the '"H-NMR spectra were
assigned to their corresponding monomers and it can be declared that the synthesis
of block copolymers have proceeded successfully [22-25]. The "H-NMR of block
copolymers showed a signal at 0.0-0.2 ppm associated with CH3-Si methyl protons
of PDMS along with the signals at 2.1-2.3 and 6.6-7.1 ppm corresponded to



3.5 PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA-b-PSt... 23

DSC /(mW/mg)
exo
X
0.0 .
FTY S | S— S =
-50 0 50 100 150 200
Tempeature(°C)

Fig. 3.10 DSC thermograms for the a PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMMA-b-PSt
and b PSt-b-PMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt block copolymers initiated with Br-
PDMS-Br macroinitiator and MMA, MA,VAc and St as monomers at 60 °C for 6 h

OCOCHj; group from the PVAc segment and PSt segment respectively. Signals at
0.8-1.0, 1.9-2.1 and 3.6 ppm corresponded to CH3, CH, and COOCH3; group from
the PMMA and PMA segment [26-29]. Therefore, it is possible to synthesize the
novel PDMS-based block copolymers via ATRP of monomers such as vinyl ace-
tate, methyl methacrylate, methyl acrylate and styrene in the presence of bis
(haloalkyl)-terminated PDMS macroinitiator [29, 30]. The well-define microstruc-
ture can be used in macromolecular design of the block copolymer, assuming one
can increase the mole ratio of the monomer or used different molecular weight of
the PDMS macroinitiator in the structure [26, 28].

The ratio of sequence lengths of PVAc and PDMS was 2.08, PMA and PDMS
was 2.18, PSt and PDMS was 2.38 and for PMMA to PDMS was 2.34, so block
copolymers of PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMMA-b-PSt and PSt-
b-PMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt were synthesized. Therefore, it is
possible to synthesize the PDMS-based block copolymers via ATRP of monomers
such as vinyl acetate, methyl acrylate, methyl methacrylate and styrene in the
presence of bis(haloalkyl)-terminated PDMS macroinitiator [26-28].

DSC thermograms of PDMS-based block copolymers are depicted in Fig. 3.9 for
temperature range of —100 to +200 °C. Glass transition temperature (T,) of PDMS
is expected to be about —120 °C, thus it is observed in Fig. 3.10 at —60 °C. PMMA,
PMA, PVAc and PSt segments exhibited T, values of 90, 5, 40 and 105 °C
[26-29], respectively for the corresponding block copolymers. Considering the
DSC results, one can conclude that PDMS-based pentablock copolymers have been
synthesized successfully.

3.6 Summary

Poly(dimethyl siloxane) (PDMS)-based triblock and pentablock copolymers were
successfully synthesized using ATRP of PVAc, PSt, PMMA and PMA initiated
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with Br-PDMS-Br in the presence of CuClI/PMDETA as a catalyst system at 60 °C.
Copolymers are of major interest because of the possibility of preparing amphi-
philic pentablock copolymers by hydrolysis of the PVAc blocks. '"H-NMR, DSC
and GPC confirmed a well-defined triblock and pentablock copolymers synthe-
sized. There was a very good agreement between the number-average molecular
weight calculated from "H-NMR spectra and that calculated theoretically. The
narrow dispersity indices from GPC of the synthesized pentablock copolymers
yielded a lower PDI block copolymer indicating the living/controlled characteristic
of the reaction.
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Chapter 4

Cobalt Mediated Radical Polymerization
of 4-Bromo-2,6-Dimethyl Phenol and Its
Copolymerization with Poly(dimethyl
siloxane) in the Presence of Co(acac),:
DMF Catalyst

Abstract Novel well-defined poly(phenylene oxide) (PPO)-based block copoly-
mers were polymerized from 4-bromo-2,6-dimethylphenol (BDMP) in the presence
of a cobalt acetylacetonate (Co(acac),) catalyst with dimethyl formamide (DMF) as
a ligand and initiated with benzoyl peroxide (BPO) at 60 °C in a novel controlled
copolymerization reaction within a good yield. The monomer copolymerized with
vinyl acetate (VAc), poly(methyl methacrylate)-b-poly(dimethyl siloxane)-b-poly
(methyl methacrylate) (PMMA-b-PDMS-b- PMMA) and polystyrene-b-poly-
(dimethyl siloxane)-b-polystyrene (PSt-b-PDMS-b-PSt) triblock copolymers in
good yield. Characterization indicated a very narrow molecular weight distribution.
The block copolymer indicated a new microstructure of phenylene oxide which was
analyzed by proton-nuclear magnetic resonance (‘H-NMR), Fourier transform
infrared spectroscopy (FTIR), differential scanning calorimetriy (DSC) and gel
permeation chromatography (GPC). Meanwhile, the number average molecular
weights calculated from the "H-NMR spectra were in very good agreement with the
theoretically calculated values. The DSC results also indicated the successful for-
mation of these new block copolymers.

Keyword Poly(dimethyl siloxane) (PDMS) - Poly(phenylene oxide)s(PPO) -
4-Bromo-2,6-dimethyl phenol (BDMP) - Co(acac), catalyst - Controlled radical
polymerization - Dimethyl formamide (DMF) - Reactivity ratio - Poly(methyl
methacrylate) (PMMA)

4.1 Introduction

Cobalt-mediated controlled radical polymerization (CMCRP) is considered for the
synthesis of new homopolymers and block copolymers with new properties. CMCRP
particularly have a number of advantages over the already well-known oxidative
coupling or phase transfer reactions reported earlier [1, 2]. An important advantage of
CMCREP is copolymerization reaction of various monomers such as vinyl acetate,

© The Author(s) 2014 25
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styrene, poly(dimethyl siloxane) (PDMS), methyl methacrylate (MMA) and 4-
bromo-2,6-dimethylphenol (BDMP). New architectural designs for controlled
compositions of aromatic ethers is of a great need in the area of macromolecular
design of membranes, foams, and drug delivery systems [3, 4]. Poly(phenylene
oxide) (PPO) was synthesized from 4-bromo-2,6-dimethylphenol (BDMP) in the
presence of cobalt acetoacetonate (Co(acac),) catalyst with dimethyl formamaide
(DMF) ligand. The reaction was initiated with benzoyl peroxide at 60 °C. BDMP
reacted with PDMS in a novel controlled copolymerization reaction within a good
yield. PPO itself composed of aromatic ether resembles a number of vital biomate-
rials and vitamins [1, 4, 5]. A variety of synthetic polymers has been reported from
the random reactions at ortho and para positions of the aromatic nuclei in the basic
conditions. None of these reactions provide the necessary controlled reactions
required in the new areas of polymer synthesis. The coupling reactions of BDMP
with displacement of bromine reported earlier does not specify the role of the solid
surface in potassium ferricyanide, lead oxide, or cuprous chloride; in addition, the
competitive dimer formation 3,3'-5,5" tetramethyl 4-4' diphenoquinone from the
reaction in para position of aromatic nuclei poses a serious problem for the bulky
alkyl groups in the aromatic nuclei in the polymerization or copolymerization
reactions. In addition, low reactivity of dihalo or trihalo dialkyl monomers have
limited the oxidative coupling reactions of the halo dialkyl phenols [1-3]. Recently,
reactivity of monomers has been important in a phase transfer radical polymerization,
where reactivity of the monomer has been assisted by other alkyl phenols like tri-
methyl phenol [4-7]. Displacement of halogen atoms in BDMP has been extensively
used by us and others to make a flame-retardant polyether with high glass transition
temperature [1, 2]. Cross linkings, dimer formations, and low reactivity of BDMP are
reported to yield polymers and copolymers with very low molecular weights, limiting
its use and applications. This led us to explore a new mechanism to increase reactivity
of this monomer in the polymerization reaction and synthesis of new polymers with
new properties. This chapter describes the controlled radical reaction of BDMP in a
cobalt-mediated system. As will be explained, BDMP monomer is converted to an
active radical with benzoyl peroxide initiator in the presence of Co(acac),/DMF
catalyst in the copolymerization reactions [3]. The presence of bromine in the aro-
matic ring was used to provide cobalt-mediated system to copolymerize this
monomer with PDMS. Presence of the radical in this system increased reactivity of
the monomer and allowed us to synthesis new copolymers with a number of
monomers with new properties [4—7]. Some of the limitations that had restricted the
direct application of PPO as such is its high glass transition temperature (T, =
220 °C), poor melt flow and the susceptibility of its methyl group to thermal oxi-
dation. PPO crystallizes only with difficulty and behaves as an amorphous polymer
during melt processing. To overcome the processing difficulty, usually PPO is
copolymerized with other polymers like polystyrene, polycarbonates and PDMS for
commercial applications [4]. Polycondensation of BDMP in a two-phase system with
an oxidizing agent, takes place through a single electron mechanism, has been
demonstrated by Price and co-workers [8—11]. Recently, we have become interested
in cobalt-mediated controlled radical polymerization to prepare precursors for the
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synthesis of PPO based copolymers with St, VAc, MMA initiated with Br-PDMS-Br
as macroinitiator [Silicon]. Polymerization of BDMP is strongly catalyzed by Co
(acac),/DMF as a catalyst/ligand complex, making the cobalt-mediated system
suitable for conversion of this monomer to a high polymer. The control mechanism
was extended to homopolymerization of this monomer in Scheme 4.1.

Controlled radical copolymerization of PDMS and 4-bromo-2,6-dimethyl phenol
in the presence of Co(acac), catalyst with DMF ligand is shown Scheme 4.2.
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Scheme 4.1 Controlled radical polymerization of 4-bromo-2,6-dimethyl phenol in the presence of
Co(acac), catalyst with DMF ligand
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Scheme 4.2 Controlled radical copolymerization of poly(dimethyl siloxane) and 4-bromo-2,6-
dimethyl phenol in the presence of Co(acac),/DMF as catalyst/ligand complex
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4.2 PDMS Macroinitiator (Br-PDMS-Br)

'"H-NMR of the functionalized PDMS (Scheme 4.3) was used to verify the quan-
titative modification of the end groups to the terminal bromine atoms (Fig. 4.1).
GPC analysis showed M,, = 14,800, with a MWD = 1.93, maximum yield deter-
mined gravimetrically is 82 %. "H-NMR (CDCl5) indicated & = 0.0—0.3 ppm for
protons of methyl groups of -Si(CH3),0, & = 2.0 ppm for methylene group next to
the bromide [6, 10, 11].

4.3 BDMP Homopolymer and Copolymer

The effect of the initiator, catalyst, KtButOH with Co(acac),: DMF catalyst has
been studied in a number of reactions. In the absence of initiator, the polymer did
not form. The reactions yield increased by adding the initiator content (BPO = 2.95
mol L™, yield = 67 %; and BPO = 3.95 mol L™, yield = 82 %). The critical role of
Co(acac),: DMF catalyst indicated that in addition to the BPO initiator, the DMF
ligand was needed to activate Co(acac), catalyst to achieve a high yield of polymer
with a very low molecular weight distribution. The same effect was observed with
the copolymerization of 4-bromo-2,6-dimethylphenol with poly(dimethylsiloxane),
and the presence of the initiator was essential for the reaction. In this case, the
copolymerization yield also depends on the initiator (BPO = 2.95 mol L™, yield =
64 %; and BPO = 3.95 mol L', yield = 85 %).

4.3.1 Characterization of the BDMP Homopolymer
and Copolymer

The 'H-NMR microstructure of BDMP in the presence of BPO initiator and Co
(acac),/DMF catalyst is shown in Fig. 4.2. The microstructure of the polymer at
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HO. o o OH
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Scheme 4.3 Reaction scheme for the synthesis of bis(2-bromoisobutyrate)-terminated PDMS
macroinitiator from bis(hydroxyalkyl)-terminated PDMS
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Fig. 4.3 a Time dependence of In[M]o/[M] (M monomer) b dependence of the polymer Mn on the
monomer conversion of the PPO homopolymer and PPO-b-PDMS-b-PPO copolymer initiated
with BPO initiator at 60 °C

high yield indicated that the catalyst is involved in the controlled radical poly-
merization (CRP) and formation of the starting unit. Three major peaks related to
aromatic protons appeared at 7.5 ppm. The end-group protons and methine proton
adjacent to terminal bromine of BDMP and chain unit protons appeared at 6.5 ppm.

Methyl protons of polymer unit were assigned to 2.72 ppm, the peak intensities
at 6.47 and 6.34 ppm were related to methyl protons of polymer unit (k) (Fig. 4.2)
[4, 6]. Copolymerization of BDMP with poly(dimethyl siloxane), which was ini-
tiated by BPO with Co(acac),: DMF catalyst at 60 °C for 6 h, was studied further to
confirm the first-order kinetic of BDMP homo and copolymerization in controlled
radical polymerization. The first-order reaction also suggested that the reaction is a
controlled radical copolymerization. These results indicated that the controlled
radical polymerizations are essentially linear and they are within allowable range of
experimental error. The controlled reaction was confirmed further by the average
molecular weight of polymers and copolymers. The measured M,, indicated that
monomer conversion increased linearly with M, (Fig. 4.3).

The linear kinetics of the conversion and the increase in molecular weight of
polymer and copolymer are consistent with constant concentration proposed for the
controlled radical propagation step of reaction. The high molecular weights of
polymers and copolymers with narrow distribution indicated that radical
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termination reactions were not significant within the time scale of reactions. Since
the molecular weight distribution remained low during the polymerization, nearly
all the chains were expected to have been started and grow simultaneously during
the equilibrium step.

4.3.2 Characterization of PPO-b-PDMS-b-PPO Copolymer

The microstructure of PPO-b-PDMS-b-PPO copolymer confirmed the controlled
reaction, indicated and characterized by 'H-NMR in Fig. 4.4. A signal at about 7.09
ppm corresponds to terminal aromatic proton (a) adjacent to terminal bromine of
BDMP [4, 6]. Peaks of methylene protons (c) in the neighborhood of BDMP
repeating unit appeared at 6.4 ppm. Methyl protons (d, b) of the monomer appeared
at 2.14 ppm. Hydrogen atoms of methylene end chains (f) appeared at 3.61 ppm,
whereas methyl group of acetate is at 2.11 ppm (k). The methine proton of
monomer unit (h) indicated a peak about 5.2 ppm [3, 4]. A signal at 0.0-0.2 ppm
associated with CH3-Si methyl protons of PDMS.

GPC results indicated narrow molecular weight distributions of the polymer and
copolymer of BDMP monomer and vinyl acetate. The experimental molecular
weights and distribution of the synthesized polymer (PPO) and PPO-b-PDMS-b-
PPO copolymers are shown in Table 4.1.

Thermal properties of the PPO homopolymer and PPO-b-PDMS-b-PPO
copolymer were analyzed by differential scanning calorimeter (DSC) (Fig. 5.4). The
sample was heated to 300 °C at 10 °C/min. The DSC thermograms of PPO (Fig. 4.
5a) shows the first transition at 220 °C, while for the second segment the distinct
glass transitions at —120 °C is the characteristic of second block or poly(dimethyl
siloxane) in the copolymer (Fig. 4.5b). The first transition at about —80 °C was
assigned to the glass transition temperature of PDMS segment (T, ppms) [3] and the
second one at 193 °C to the PPO segment (T, ppo) of the block copolymer [4, 6].
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Fig. 44 'H-NMR of PPO-b-PDMS-b-PPO copolymer initiated with BPO with Co(acac), at
60 °C for 6 h
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Table 4.1 Summary of the results obtained from GPC analyses for PPO homopolymer and PPO-
b-PDMS-b-PPO copolymer initiated with BPO with Co(acac),: DMF catalyst at 60 °C for 6 h

No. Reaction Time (h) M, 6P (gr/mol) PDI
A Polyphenylene oxide 72 41,800 1.31
B Polyphenylene oxide 96 56,500 1.25
C Polyphenylene oxide 144 71,300 1.18
D PPO-b-PDMS-b-PPO 72 49,600 1.35
E PPO-b-PDMS-b-PPO 926 69,800 1.25
F PPO-b-PDMS-b-PPO 144 78,400 1.14
DSC /(mW/mg)
1 exo (b)
04 P e
A 04 (a)
0.2 4
0.0 4
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Fig. 4.5 DSC thermograms for the (a) PPO homopolymer and (b) PPO-b-PDMS-b-PPO
copolymer initiated with BPO with Co(acac), from —150 to 300 °C with heating rate of 10 °C/min

4.3.3 Reactivity Ratio of PDMS and BDMP

The chemical composition of the copolymers depends on the relative reactivity
between the two monomers. Monomer reactivity ratios are important for quanti-
tatively predicting the copolymer composition for any starting feed and for
understanding the kinetic and mechanistic aspects of copolymerization. The reac-
tivity ratio was determined for the comonomer pairs PDSM and BDMP.

Kelen-Tiidos, Mayo-Lewis and Fineman-Ross linear methods were used to
determine the monomers chemical reactivity of PDMS and BDMP in controlled
radical polymerization. The synthesized block copolymers showed a relatively nar-
row molecular weight distribution specific of the controlled polymerization reactions
of CMRPM. A broadening trend of PDI in block copolymers was observed with
polymerization temperature. Characterization of molecular structure, number aver-
age molecular weight, and molecular weight distribution are also reported for novel
block copolymers by "H-NMR spectroscopy, FTIR spectrometery, and gel perme-
ation chromatography (GPC) techniques.
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The values of r; and r, which were estimated for PDMS and BDMP monomer
pairs from Mayo-Lewis (rppms = 0.293, rgpmp = 0.485), Kelen-Todous (rppms =
0.289, rgpmp = 0.476) and Finemann-Rose (rppms = 0.299, rgpmp = 0.481) indi-
cates that the growing radicals tend to addition to BDMP monomer.

4.4 Heptablock Copolymers Based on PDMS

4.4.1 Synthesis of New Block Copolymers via Controlled
Radical Polymerization

The first-order kinetic plot of controlled radical polymerization indicated constant
concentration of propagating radical species and radical termination reactions are
not significant on the time scale of this reaction. This is reported further with linear
increase of molecular weights with conversion, indicating that the number of chains
is constant during the reaction. The controlled polymerization indicated a narrow
molecular weight distribution with good agreement between theoretical and
experimental molecular weights [12].

4.4.2 Characterization of New Block Copolymers
via Controlled Radical Polymerization

"H-NMR spectra of the block copolymers have been shown in Fig. 4.6. All signals
appeared in the "H-NMR spectra were assigned to the corresponding monomers. It
is clear from Fig. 4.6a that block copolymers have successfully been synthesized.
The characteristic PDMS signal of CH;3-Si methyl protons at about 0.0-0.2 ppm
was still present in both spectra. The signal seen at about 7.09 ppm corresponds to
the methine proton adjacent to terminal bromine of BDMP [12]. Peaks of methy-
lene protons of in neighborhood of BDMP (k) appear at 5.4 ppm. The methyl
protons of PPO (r) appear 2.9 ppm [12].

Hydrogen atoms of methylene at the ending of both chains (d) are attributed to
the peak of 3.61 ppm, whereas methyl group of the acetate is revealed at 2.11 ppm
(y). Protons of the methylene for repeating units (f), end of chains (g) give broad
signals at 1.5 to about 2.0 ppm through "H-NMR spectra. The methine proton of the
first VAc unit (s) has a peak about 5.2 ppm [12, 13]. Additional broad signals at
about 6.6-7.1 and 1.2-2.3 ppm were observed in Fig. 4.6b, which was assigned to
the phenyl ring protons and aliphatic protons, respectively of the PSt segment.
Additional signals were also observed in the "H-NMR spectra of two other triblock
copolymers (Fig. 4.6b) which were assigned to the corresponding protons of
monomers (MMA) incorporated into the triblock copolymer chain. The signals at
0.7-1.25 ppm are assigned to the methyl protons (~CH3) of MMA which is shown
in Fig. 4.6b [12, 13].
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Fig. 4.6 'H-NMR of a PVAc-b-PPO-b-PMMA-PDMS-b-PMMA-b-PPO-b-PVAc and b PVAc-b-
PPO-b-PSt-PDMS-b-PSt-b-PPO-b-PV Ac initiated with BPO at 60 °C

The FTIR spectrum of the heptablock copolymers are provided in Fig. 4.7. It can
be observed that the band at 1435.3 cm ™" corresponds to an asymmetrical bending
vibration (CH3) of methyl group of the PMMA. Besides, the vibrational bands
observed at 2,855 and 1370.7 cm™! are ascribed to CH; symmetric stretching and
symmetric bending vibrations of pure PVAc, respectively. In addition, a strong
band at 1718.3 and 1726.9 cm™ ' can be attributed to the carbonyl group of PMMA
and PV Ac segments, respectively. Also, the frequency shift of the peak due to C-O
band of PMMA around 1149.9 cm™" for the sample of the blend implies that there
is a specific interaction between PMMA and PVAc. The band at 1,242 cm s
assigned to -O-COCH3 bond of PVAc segment [12—14].

The peak at 2,951 cm™ ' is corresponded to the asymmetric stretch vibration of -
C-H (CH3;) bond of both PVAc and PMMA segments in block copolymer. The
characteristic spectrum of PDMS can be observed at Si-O-Si in 1,100-1,000 cm
CH; in 1,261 cm !, C-Si-C in 800 cm” ', The characteristic PDMS absorption
bands of “Si-O-Si” at about 1,020 cmfl, “CH53” at about 1,260 cm ! and “C-Si-C”
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Fig. 4.7 FTIR of a PVAc-b-PPO-b-PMMA-b-PDMS-b-PMMA-b-PPO-b-PVAc and b PVAc-b-
PPO-b-PSt-b-PDMS-b-PSt-b—PPO-b-PVAc initiated with BPO at 60 °C

Table 4.2 Summary of the results obtained from GPC analyses for the PPO based copolymer
initiated with BPO with Co(acac), at 60 °C for 6 h

No. Reaction M, PDI
A PV Ac-b-PPO-b-PSt-b-PDMS-b-PSt-b-PPO-b-PV Ac 79,000 1.1
B PV Ac-b-PPO-b-PMMA-b-PDMS-b-PMMA-b-PPO-b-PVAc 77,800 1.13

at about 800 cm ™" are still present in the Fig. 4.7. Moreover, the characteristic PSt

absorption bands appeared at 696, 758, 2,924, 3,028, and 3,062 cm”! (Fig. 4.7b)
and the characteristic PMMA absorption bands appeared at 1,740 and 1,178 cm ™"
(ester group characteristic), indicating the successfully synthesis of PDMS-based
block copolymers [12, 13].

GPC traces for the progress of the PPO block copolymers are shown in
Table 4.2. It can be implied from the GPC results that Co(acac), has controlled the
reaction [12].

The DSC thermogram spectrum of synthesized PVAC-b-PPO-b-PV Ac, PVAc-
b-PPO-b-PSt-PDMS-b-PSt-b-PPO-b-PVAc and PV Ac-b-PPO-b-PMMA-PDMS-b-
PMMA-b-PPO-b-PVAc block copolymer is also shown in Fig. 4.8. Figure 4.8a
showed two distinct glass transitions at 38 °C for PVAc and at 190 °C for PPO
(Fig. 4.8a) while 4 distinct glass transitions are observed on the curve of block
copolymer (Fig. 4.8b), the transition at about 38 °C is due to the glass transition
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Fig. 4.8 DSC thermogram for the a PPO-b-PVAc-b-PSt-PDMS-b-PSt-b-PVAc-b-PPO and
b PPO-b-PVAc-b-PMMA-PDMS-b-PMMA-b-PVAc-b-PPO initiated with BPO with Co(acac),
from —100 to 300 °C with heating rate of 10 °C/min

temperature of PVAc segment (Typyac) [7, 8, 12, 13], the transition at about
—80 °C is due to the glass transition temperature of PDMS segment (T, ppms), the
transition at about 88 °C (Fig. 4.8b) is due to the glass transition temperature of PSt
segment (T psy), and the other at about 108 °C (Fig. 4.8) corresponds to the PMMA
segment (Tgpvma) [12, 13]. The glass transition temperatures of the PVAc and
PDMS segments in both block copolymers were similar.

4.5 Summary

A new class of PPO based block copolymers were synthesized through cobalt
mediated radical polymerization in the presence of Co(acac),: DMF as catalyst:
ligand complex. The Co(acac), catalyst can provide a new syndiotactic route to
produce block copolymers having controlled chain structures. The composition
analysis by 'H-.NMR, FTIR, DSC and GPC confirmed a well-defined triblock and
pentablock copolymers microstructures. The narrow dispersity indices of block
copolymers implying the effect of living/controlled characteristic of Co(acac),:
DMF and its effect in synthesis of new PPO based block copolymers with high
thermal stability.

The novel synthesis of PPO copolymers with various monomers introduced a
controlled radical polymerization process that allows the use of BDMP as an aro-
matic ether nucleus in a number of new vinyl monomers synthesis like vinyl
acetate, styrene and methyl methacrylate. The monomodal distribution and very
narrow molecular weight distribution with high stability further confirmed the
controlled nature of the radical copolymerization of BDMP. The new block
copolymers are considered to widen the range of stable aromatic ether block
copolymers with specific microstructures and molecular weights with a narrow
distribution for the current design of membranes and sensors.
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Chapter 5

Novel Thermoreversible Block
Copolymers: Silicone Macroinitiator in
Atom Transfer Radical Polymerization

Abstract Organic—inorganic pentablock copolymers have been synthesized via
atom transfer radical polymerization (ATRP) of styrene (St) and vinyl acetate
(VAc) monomers at 60 °C using CuClI/PMDETA as a catalyst system initiated from
bis(boromoalkyl)-terminated poly(dimethylsiloxane) (PDMS)/y-cyclodextrin mac-
roinitiator (Br-PDMS/y-CD). Br-PDMS-Br was reacted with y-CD in different
conditions with inclusion complexes being characterized through hydrogen nuclear
magnetic resonance ("H-NMR) and differential scanning calorimetry (DSC).
Resulting Br-PDMS-Br/y-CD inclusion complexes were taken as macroinitiators
for ATRP of St and VAc. Well-defined poly(styrene)-b-poly(vinyl acetate)-b-poly
(dimethylsiloxane/y-cyclodextrin)-b-poly(vinyl acetate)-b-poly(styrene) (PSt-b-
PV Ac-b- PDMS/c-CD-b-PV Ac-b-PSt) pentablock copolymer was characterized by
"H-NMR, gel permeation chromatograph (GPC) and DSC. PSt-b-PV Ac-b-PDMS/
¢c-CD-b-PVAc-b-PSt pentablock copolymer can undergo a temperature-induced
reversible transition upon heating of the copolymer complex from white complex at
22 °C to green complex in 55 °C which characterized with XRD and '"H-NMR.

Keywords y-Cyclodextrin (y-CD) - Poly(dimethylsiloxane) (PDMS) - Poly(vinyl
acetate) (PVAc) - Atom transfer radical polymerization (ATRP) - Sonic energy -
Inclusion complex - Thermosensitive block copolymer

5.1 Introduction

The majority of silicone based polymers is poly(dimethyl siloxanes). Copolymers
containing poly(dimethylsiloxane) (PDMS) have received considerable attention due
to their unique properties, such as very low glass transition temperature, low surface
energy, low solubility parameter, and physiological inertness. Some of their specialty
applications are in the fields of biomaterials, surfactants and new thermoreversible
polyrotaxanes. Due to their unique structures and properties, polyrotaxanes represent
an important addition to the repertoire of polymer architectures. Recently, the

© The Author(s) 2014 39
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supramolecular assemblies of rotaxane type received a renewed interest, analogous
to the one on noncovalent interactions in biological systems.

Polyrotaxanes have attracted much attention in the past decades for their great
potential as stimulus-responsive materials which can produce PDMS based ther-
moreversible block copolymers. They are usually constructed by threading
molecular rings (or host molecules) onto a macromolecular chain via host-guest
interaction, followed by capping the chain ends with bulky groups. Among all the
host molecules, cyclodextrins (CDs) are frequently applied in polyrotaxane system
mainly due to their bioavailability and low cytotoxicity. This chapter describes the
atom transfer radical polymerization (ATRP) and cobalt mediated radical poly-
merization (CMRP) synthesis of novel thermoreversible block copolymers based on
PDMS macroinitiators with various monomers. Polyrotaxane based PDMS have
been synthesized via 2 methods. In the first method, Polyrotaxane have been
synthesized via ATRP of styrene (St), methyl methacrylate (MMA) and vinyl
acetate (VAc) monomers at 60 °C using CuCl/N,N,N',N",N"-pentamethyldiethyl-
enetriamine (PMDETA) as a catalyst system initiated from bromoalkyl-terminated
PDMS/cyclodextrins macroinitiator (Br-PDMS-B1/y-CD). Inclusion complex of Br-
PDMS-Br and with y-CD was characterized through lH—NMR, GPC and DSC.
Then Br-PDMS-Br/y-CD was used as macroinitiators for ATRP of St and VAc.
Well-defined poly(styrene)-b-poly(vinyl acetate)-b-poly(dimethyl siloxane/y-
cyclodextrin)-b-poly(vinyl acetate)-b-poly(styrene) (PSt-b-PV Ac-b-PDMS/y-CD-b-
PVAc-b-PSt) pentablock copolymer was characterized by 'H-NMR, GPC and
DSC. There was a very good agreement between the number-average molecular
weight calculated from "H-NMR spectra and that of theoretically calculated. Novel
supramolecular block copolymers can undergo a temperature-induced reversible
transition upon heating-cooling of the copolymer complex from white complex at
22 °C to green complex in 55 °C which characterized with XRD and '"H-NMR.
XRD showed a change in crystalinity percent of St peak with changing the tem-
perature. PDMS based polyrotaxane are characterized using FTIR, 'H-NMR, DSC,
and GPC. There was a good agreement between the number-average molecular
weight calculated from "H-NMR spectra and that of theoretically calculated which
indicated controlled manner of these systems.

PDMS macroinitiator could be used in two forms:

1. Used inclusion complex between y-CD and Br-PDMS-Br as macroinitaitor in
ATRP of various monomers

2. Synthesis of pentablock copolymers via ATRP and then reacted with y-CD in a
CMRP

In an effort to produce materials composed of silicones with more desirable
mechanical properties, block, graft, and network copolymers containing PDMS
segments have been reacted with y-cyclodextrin. When inclusion complexes of CDs
with silicon-containing polymers are formed, they are new organic-inorganic
hybrids with exact stoichiometric relationships which showed stimuli-responsive
properties with temperature and pH. Polyrotaxane based on block copolymers can
undergo a temperature-induced reversible transition upon heating of the copolymer
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complex from a white complex at 22 °C to a green complex in 55 °C which
characterized with XRD and 'H-NMR. XRD showed a change in crystalinity
percent of St peak with changing the temperature. These pentablock block
copolymers revealed thermosensitive micelle formation behavior in the solid state.
As temperature increased, the CDs were dehydrated while the color of powder was
changed from white to green through hydrophobic-hydrophobic interactions. Fur-
ther increase of the temperature caused the phase transition related to PDMS to
occur on the corona of noncovalently connected micelles. Therefore, the micelles
were destabilized which resulted in micelle aggregation and precipitation. The
supramolecular system presented here is rather different from the reported systems.
This work has formed dual thermoresponsive pentablock copolymers in order to
propose a novel supramolecular approach in designing and constructing the non-
covalently connected polymeric micelles with modifiable properties.

5.2 Synthesis of Thermoreversible Block
Copolymers via First Method

5.2.1 Inclusion Complex of Br-PDMS-Br
and y-CD as Macroinitiator

First-order kinetic polymerization plots of St and PVAc initiated by Br-PDMS-Br/
v-CD macroinitiator are shown in Fig. 5.1.

The linear fit indicated that the concentration of propagating radical species is
constant and radical termination reactions are not significant over time scale of the
reaction. It was found that the molecular weights increase almost linearly with
conversion, indicating that the number of chains was constant and the chain transfer
reactions were rather negligible [1-3]. Another important feature observed for con-
trolled radical polymerization was that the molecular weight distribution decreases
with the progress of polymerization, indicating that nearly all the chains start to grow
simultaneously [4-8]. Thus from Fig. 5.1, one may conclude that the polymerization
was controlled and had narrow molecular weight distribution with a good agreement
between theoretical and experimental results of molecular weight (Table 5.1). GPC is
an effective analytical technique to discover the structure of polyrotaxanes. If po-
lyrotaxanes are not efficiently end-capped, dethreading of CDs will produce multiple
GPC peaks. The GPC curves of polyrotaxanes-based pentablock copolymers (PSt-b-
PV Ac-b-PDMS/y-CD-b-PV Ac-b-PSt) are depicted in Table 5.1. It is implied that the
number of entrapped y-CD can be modified in this ATRP process [1, 2].
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Fig. 5.1 a Time dependence of In[M]y/[M] (M monomer); b dependence of the pentablock
copolymer M,, on the conversion for the ATRP of St and PVAc with Br-PDMS-Br/y-CD at 60 °C

Table 5.1 GPC and 'H-NMR results of PSt-b-PV Ac-b-[y-CD/PDMS]-b-PV Ac-b-PSt initiated

with y-CD/PDMS synthesized from various conditions

Reaction | Reaction X M, vk M, Gpc PDI
(%)" | (g mol") (g mol ™)
A 7 days at room temperature without |40 41,900 44,100 1.53
light and mixing
B Under sonic energy (15 min) 56 46,300 45,400 1.37
C 7 days at room temperature 72 48,500 49,500 1.24

 Final conversion measured by gravimetric method
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5.2.2 Characterization of Thermoreversible Block
Copolymers Synthesized via First Method

The thermo-responsiveness of the pentablock copolymers was investigated with
"H-NMR in CDCl;. Figure 5.2 shows the "H-NMR spectrum obtained for the PSt-
b-PV Ac-b-PDMS-b-PV Ac-b-PSt at 22 °C (Fig. 5.2a), 55 °C (Fig. 5.2b) and 22 °C
(Fig. 5.2¢) [9]. The integral of the peaks associated with protons adjacent to the
styrene and vinyl acetate (6.5—7 ppm and 1.2-2.1 ppm respectively) were observed
to decrease with increasing temperature from 22 to 55 °C relative to the integral of
the protons in the PMDS (Fig. 5.2b). This reflects the mobility of the y-cyclodextrin
in block copolymer structure, upon decreasing temperature to 22 °C, integral of the
peaks associated with protons adjacent to the styrene and vinyl acetate the
copolymers undergo increase to reach initial integral(Fig. 5.2¢).

Figure 5.3 shows the XRD spectra obtained for the PSt-b-PV Ac-b-PDMS/y-CD-
b-PVAc-b-PSt at 22 °C (Fig. 5.3a), temperature increased to 55 °C (Fig. 5.3b) and
temperature decreased from 55 to 22 °C (Fig. 5.3c).

Characteristic peaks of PDMS occurring at 26 = 8, 13, 18, characteristic peaks of
PVAc occurring at 26 = 13 and characteristic peaks of PSt occurring at 20 = 14, 12,
11, 8, 6-17, 25-9. At 22 °C, crystalinity percent of PSt and PVAc 29 and 13 %
respectively (Fig. 5.3a). By increasing temperature from 22 to 55 °C, crystalinity
percent of PSt and PVAc becomes 43 and 9 % respectively (Fig. 5.3b), which
indicated migration of CD from PVAc to PSt. By decreasing temperature from 55
to 22 °C, crystalinity percent of PSt and PVAc becomes 10 and 35 % respectively
(Fig. 5.3¢), which indicated migration of CD from PVAc to PMMA [10-15].

5.3 Thermoreversible Block Copolymers Synthesized
via Direct Reaction with y-CD (Second Method)

5.3.1 Pentablock Copolymers via ATRP and Reacted
with y-Cyclodextrin

Synthesized PSt-b-PMMA-b-PVAc-b-PMMA-b-PSt and PSt-b-PMA-b-PV Ac-b-
PMA-b-PSt pentablock copolymers were reacted with y-cyclodextrin in cobalt
mediated radical polymerization [16]. First-order kinetic polymerization plots of
hepta copolymers of PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA-b-PSt
and PSt-b-PMA-b-PVAc-b-PDMS-b-PVAc-b-PMA-b-PSt  polyrotaxanes are
shown in Fig. 5.4.

The linear fit indicated that the concentration of propagating radical species is
constant and radical termination reactions are not significant over time scale of the
reaction. It was found that the molecular weights increase almost linearly with
conversion, indicating that the number of chains was constant and the chain transfer
reactions were rather negligible [1, 2, 9].
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Fig. 5.2 'H-NMR of thermoreversible PSt-b-PV Ac-b-PDMS/y-CD-b-PV Ac-b-PSt block copoly-
mers initiated with inclusion complex of y-CD/Br-PDMS-Br synthesized (7 days at room
temperature) at a 22 °C, b 55 °C and ¢ 22 °C
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Fig. 5.3 XRD of thermoreversible polyrotaxane of PSt-b-PVAc-b-PDMS/y-CD-b-PV Ac-b-PSt
block copolymers initiated with inclusion complex of y-CD/Br-PDMS-Br synthesized (7 days at
room temperature) at a 22 °C, b 55 °C and ¢ 22 °C

5.3.2 Characterization of Thermoreversible Block
Copolymers Synthesized via Direct Reaction
with y-CD (Second Method)

GPC is an effective analytical technique to discover the structure of polyrotaxanes. If
polyrotaxanes are not efficiently end-capped, dethreading of CDs will produce
multiple GPC peaks. The GPC curves of polyrotaxanes-based block copolymers
(PSt-b-PMMA-b-PV Ac-b-PDMS-b-PVAc-b-PMMA-b-PSt  and  PSt-b-PMA-b-
PVAc-b-PDMS-b-PVAc-b-PMA-b-PSt polyrotaxane) are depicted in Fig. 5.5
(Table 5.2). A nearly symmetrical and unimodal peak with a relatively low poly-
dispersity index of 1.24—1.53 can be clearly observed in Fig. 5.5.

From Table 5.2 and M,, of PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMMA-b-
PSt (38,500) and PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt (28,900)
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Fig. 5.4 a Time dependence of In[M]y/[M] (M monomer); b dependence of the block copolymer
M, on the conversion for the ATRP of St, MA, MMA and PVAc with Br-PDMS-Br at 60 °C

and M,, y-CD (1,270), number of CDs capped in polyrotaxane can be calculated which
is shown in Table 5.2 [1, 2].

The thermo-responsiveness of the pentablock copolymers was investigated with
'"H-NMR in CDCl; and XRD at 22 and 55 °C. "H-NMR and XRD spectra obtained
for the PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMMA-b-PSt and PSt-b-PMA-
b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt based polyrotaxane in thermal cycle from
22 to 55°C (Figs. 5.6, 5.7, 5.8 and 5.9). All signals of the "H-NMR spectra were
assigned to their corresponding monomers and it can be declared that the synthesis of
new polyrotaxane based block copolymers have proceeded successfully [1, 8, 17].
The 'H-NMR of polyrotaxane showed a signal at 0.0-0.2 ppm associated with CH;-
Si methyl protons of PDMS in addition to some other signals at 2.1-2.3 ppm and
6.6-7.1 ppm corresponding to the OCOCHj; group from PVAc segment and PSt
segment, respectively. Signals at 0.8—-1.0 ppm, 1.9-2.1 ppm and 3.6 ppm corre-
sponded to CH3, CH, and COOCH3; group from the PMMA and PMA segment.
Signals observed at about 4.5 ppm were attributed to the OH of CDs segment [9, 17].
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Table 5.2 Results Obtained from GPC and 'H-NMR Analyses for PSt-b-PMMA-b-PVAc-b-
PDMS-b-PVAc-b-PMMA-b-PSt and PSt-b-PMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA-b-PSt block
copolymers

(Co)Polymer X M, Gpe PDI |CD

(%)* | (g mol™") numbers
(PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b- 67 55,264 1.21 13
PMMA-b-PSt)/y-CD
(PSt-b-PMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMA- 51 43,505 1.34 |11
b-PSt)/y-CD

 Final conversion measured by gravimetric method

The interaction of cyclodextrin with aromatic end group of the block copolymer,
indicated in peaks around 6.0-8.0 ppm shows temperature dependency. The peaks
shift during the temperature cycle from 55 to 22 °C indicates temperature induced
effect on the complex in a reversible process that dislocates cyclodextrin from the
end group of the block copolymer [9]. Figure 5.6 shows the "H-NMR spectra
obtained for the PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-PMMA-b-PSt at 22 °C
(Fig. 5.6a), temperature increased to 55 °C (Fig. 5.6b) and temperature decreased
from 55 to 22 °C (Fig. 5.6¢c). The integral of the peaks associated with protons
adjacent to the methyl methacrylate (2.0-2.5 ppm) were observed to decrease which
integral of the peaks associated with protons adjacent to the vinyl acetate
(1.2-2.1 ppm) were observed to increase with increasing temperature from 22 to
55 °C relative to the integral of the protons in the PMDS (Fig. 5.6b). This reflects the
mobility of the y-cyclodextrin in block copolymer structure, upon decreasing tem-
perature to 22 °C, integral of the peaks associated with protons adjacent to the vinyl
acetate the copolymer undergo decrease to reach initial integral (Fig. 5.6¢) [18-22].
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Fig. 5.6 '"H-NMR of thermoreversible polyrotaxane of PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-
b-PMMA-b-PSt block copolymers at a 22 °C, b 55 °C and ¢ 22 °C

Figure 5.7 shows the XRD spectra obtained for the PSt-b-PMMA-b-PV Ac-b-
PDMS-b-PVAc-b-PMMA-b-PSt at 22 °C (Fig. 5.7a), temperature increased to
55 °C (Fig. 5.7b) and temperature decreased from 55 to 22 °C (Fig. 5.7c). Char-
acteristic peaks of PDMS occurring at 26 = 8, 13, 18, characteristic peaks of PVAc
occurring at 20 = 13, characteristic peaks of PMMA occurring at 20 = 16-18 and
characteristic peaks of PSt occurring at 20 = 14, 12, 11, 8, 6-17, 25-9. At 22 °C,
crystalinity percent of PVAc and PMMA is 11 and 28 % respectively (Fig. 5.7a).
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Fig. 5.7 XRD of thermoreversible polyrotaxane of PSt-b-PMMA-b-PV Ac-b-PDMS-b-PV Ac-b-
PMMA-b-PSt block copolymers at a 22 °C, b 55 °C and ¢ 22 °C

By increasing temperature from 22 to 55 °C, crystalinity percent of PVAc and
PMMA becomes 24 and 16 % respectively (Fig. 5.7b), which indicated migration
of CD from PMMA to PVAc. By decreasing temperature from 55 to 22 °C, cry-
stalinity percent of PVAc and PMMA becomes 13 and 26 % respectively
(Fig. 5.7¢), which indicated migration of CD from PVAc to PMMA [1, 2, 9].

Figure 5.8 shows the "H-NMR spectra obtained for the PSt-b-PMA-b-PV Ac-b-
PDMS-b-PV Ac-b-PMA-b-PSt at 22 °C (Fig. 5.8a), temperature increased to 55 °C
(Fig. 5.8b) and temperature decreased from 55 to 22 °C (Fig. 5.8c). The integral of
the peaks associated with protons adjacent to the styrene and vinyl acetate (6.5-7
ppm and 1.2-2.1 ppm respectively) were observed to increase with increasing
temperature from 22 to 55 °C which integral of the peaks associated with protons
adjacent to the methyl acrylate (3.5-3.6 ppm) were observed to decrease, relative to
the integral of the protons in the PMDS (Fig. 5.8b). This reflects the mobility of the
v-cyclodextrin in block copolymer structure, upon decreasing temperature to 22 °C,
integral of the peaks associated with protons adjacent to the styrene and vinyl
acetate the copolymers undergo decrease and integral of the peaks associated with
protons adjacent to the methyl acrylate undergo an increase to reach the initial
integral (Fig. 5.8¢) [1, 2, 9].

Figure 5.9 shows the XRD spectra obtained for the PSt-b-PMA-b-PVAc-b-
PDMS-b-PV Ac-b-PMA-b-PSt at 22 °C (Fig. 5.9a), temperature increased to 55 °C
(Fig. 5.9b) and temperature decreased from 55 to 22 °C (Fig. 5.9¢). Characteristic
peaks of PDMS occurring at 20 = 8, 13, 18, characteristic peaks of PVAc occurring
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Fig. 5.8 '"H-NMR of thermoreversible polyrotaxane of PSt-b-PMA-b-PVAc-b-PDMS-b-PVAc-b-
PMA-b-PSt block copolymers at a 22 °C, b 55 °C and ¢ 22 °C

at 20 = 13, characteristic peaks of PMA occurring at 20 = 21-23 and characteristic
peaks of PSt occurring at 20 = 14, 12, 11, 8, 6-17, 25-9. At 22 °C, crystalinity
percent of PVAc and PSt is 18 and 16 % respectively (Fig. 5.9a). By increasing
temperature from 22 to 55 °C, crystalinity percent of PVAc and PSt becomes 6 and
10 % respectively (Fig. 5.9b), which indicated migration of CD from PVAc and PSt
to PMA. By decreasing temperature from 55 to 22 °C, crystalinity percent of PVAc
and PSt becomes 16 and 11 % respectively (Fig. 5.9¢), which indicated migration of
CD from PMA to PSt and PVAc [1, 2, 9].
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Fig. 5.9 XRD of thermoreversible polyrotaxane of PSt-b-PMA-b-PVAc-b-PDMS-b-PVAc-b-
PMA-b-PSt block copolymers at a 22 °C, b 55 °C and ¢ 22 °C

5.4 Summary

The unique temperature-dependent polyrotaxans were successfully synthesized via
ATRP of St and PVAc initiated with Br-PDMS-B1/y-CD using CuCI/PMDETA as
a catalyst system at 60 °C. The results in this study strongly supported our
assumption that the control of temperature can induce the block-selective inclusion
complexation to form the polyrotaxanes, where y-CD could be threaded exclusively
on the middle PDMS block. These polyrotaxanes are of major interest because of
their possibility to form amphiphilic pentablock copolymers of PSt-b-PVAc-b-
PDMS-b-PVAc-b-PSt by hydrolysis of the PVAc blocks. "H-NMR technique was
utilized to analyze microstructure of the pentablock copolymers as well as the
number of PSt, Br-PDMS-Br/y-CD and PVAc units in the block copolymer. In
second method, the temperature-dependent polyrotaxans were successfully syn-
thesized via ATRP of MA, MMA, St and PVAc using CuCl/PMDETA as a catalyst
system at 60 °C and Br-PDMS-Br as macroinitiator. The results in this study
strongly supported our assumption that the control of temperature can induce the
block-selective inclusion complexation to form the polyrotaxanes, where y-CD
could be threaded exclusively on the middle PDMS block. These polyrotaxanes are
of major interest because of their possibility to form amphiphilic block copolymers
of PSt-b-PMMA-b-PVAc-b-PDMS-b-PVAc-b-PMMA-b-PSt and PSt-b-PMA-b-
PVAc-b-PDMS-b-PVAc-b-PMA-b-PSt by hydrolysis of the PVAc blocks. 'H-
NMR technique was utilized to analyze microstructure of the block copolymers as
well as the number of PSt, PMA, PMMA, Br-PDMS-Br and PVAc units in the
block copolymer.
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5.5 Concluding Remarks

Poly(dimethyl siloxane) (PDMS)-based triblock and pentablock copolymers were
successfully synthesized using atom transfer radical polymerization (ATRP) of
vinyl acetate (VAc), styrene (St), methyl acrylate (MA) and methyl methacrylate
(MMA) monomers at 60 °C using CuCl/N,N,N',N"”,N"-pentamethyldiethylenetri-
amine (PMDETA) as a catalyst system initiated from boromoalkyl-terminated poly
(dimethyl siloxane) (Br-PDMS-Br) macroinitiator. There was a very good agree-
ment between the number-average molecular weight calculated from 'H-NMR
spectra and that calculated theoretically indicating the living/controlled character-
istic of the reaction. The novel synthesis of poly(phenylene oxide) (PPO) copoly-
mers with various monomers introduced a controlled radical polymerization process
that allows the use of 4-bromo-2,6-dimethyl phenol (BDMP) as an aromatic ether
nucleus in a number of new vinyl monomers synthesis like VAc, St and MMA. The
monomodal distribution and very narrow molecular weight distribution with high
stability further confirmed the controlled nature of the radical copolymerization of
BDMP. Recently, attention has been paid on inclusion complex (IC) formed by
cyclodextrins (CDs) and inorganic polymers which offer different sites of binding
and may be selectively threaded by CDs. The first observation that CDs have
formed a complex with inorganic polymers at room temperature without sonic
energy is reported in this study. These kinds of complexes may provide a new way
of creating new organic-inorganic hybrids and other functional supramolecular
architectures, especially inclusion complexes of y-CD and OH-PDMS-OH or Br-
PDMS-Br.

After synthesis and characterization of PDMS based block copolymers, the
unique temperature-dependent polyrotaxanes were successfully synthesized via
cobalt mediated radical polymerization of various monomers. The results in this
study strongly supported our assumption that the control of temperature can induce
the block-selective inclusion complexation to form the polyrotaxanes, where y-CD
could be threaded exclusively on the middle PDMS block. '"H-NMR and XRD
techniques were utilized to analyze microstructure of the block copolymers as well
as the number of PSt, PMA, PMMA, Br-PDMS-Br and PVAc units in the block
copolymer.
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