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Abstract

A comprehensive survey of the recent developments on the synthesis, properties and

an

applications of silicone containing copolymers is provided. Influence of (−R2Si−O−)
backbone composition on the physicochemical properties of silicone copolymers, such as

M

thermal transitions, solubility parameter and surface tension is discussed. Preparation and
properties of well-defined α,ω-reactive organofunctionally terminated (telechelic) silicone
oligomers and their utilization in the preparation of a wide range of block and segmented

d

copolymers through step-growth,anionic, ring-opening and living free-radicalpolymerization

te

techniques are provided. Use of silicone oligomers in the modification of polymeric network
structures is also discussed. Special emphasis is given to the discussion of the effect of

Ac
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p

silicone oligomer and organic segment structure and molecular weight on the morphology and
surface and bulk properties of the resultant silicone containing copolymers and networks.
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Nomenclature
Atomic force microscopy

ATR-FTIR

Attenuated total reflectance Fourier transform infrared spectroscopy

ATRP

Atom transfer radical polymerization

BD

1,4-Butanediol

D3

Hexamethylcyclotrisiloxane

D4

Octamethylcyclotetrasiloxane

DLS

Dynamic light scattering

DMA

Dynamic mechanical analysis or dynamic mechanical analyzer

DMAC

Dimethylacetamide

DMF

Dimethylformamide

DMT

Dimethylterephthalate

FTIR

Fourier transform infrared spectroscopy

HDPE

High density polyethylene

HMDI

Bis(4-isocyanatocyclohexyl)methane

HS

Hard segment

LC

Liquid crystalline

MDI

Bis(4-isocyanatophenyl)methane

<Mn>

Number average molecular weight

MWD

Molecular weight distribution

NMP

N-methyl-2-pyrolidone

NMR

Nuclear magnetic resonance spectroscopy

PA6

Polyamide 6 or nylon-6

PB

Polybutadiene
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AFM

PBLG

Poly(γ-benzyl-L-glutamate)

PBT

Poly(butylene terephthalate)

PC

Polycarbonate

PCL

Polycaprolactone

PDI

Polydispersity index

PDMO

Poly(decamethylene oxide)

PDMS

Polydimethylsiloxane

PDPS

Polydiphenylsiloxane

PE

Polyethylene
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Poly(ethylene oxide)

PHMO

Poly(hexamethylene oxide)

PI

Polyisoprene

PLA

Poly(D,L-lactide)

PLLA

Poly(L-lactide)

PMMA

Poly(methyl methacrylate)

PMPS

Polymethylphenylsiloxane

PMVS

Polymethylvinylsiloxane

PNBA

Poly(n-butyl acrylate)

POX

Poly(2-ethyloxazoline)

PP

Polypropylene

PPO

Poly(propylene oxide)

PS

Polystyrene

PSF

Polysulfone

PTFPMS

Poly(3,3,3-trifluoropropylmethylsiloxane)

PTMO

Poly(tetramethylene oxide)

ROP

Ring opening polymerization

SAXS

Small angle x-ray scattering

SEC

Size exclusion chromatography

SEM

Scanning electron microscopy

TEM

Transmission electron microscopy

Tg

Glass transition temperature
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Tm
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PEO

Melting temperature

TGA

Thermogravimetric analysis

THF

Tetrahydrofuran

TPU

Thermoplastic urethane

TPUU

Thermoplastic urethaneurea

UV

Ultraviolet radiation

WAXD

Wide angle x-ray diffraction

WAXS

Wide angle x-ray scattering

XPS

X-Ray photoelectron spectroscopy

XRD

X-Ray diffraction
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1. Introduction
Polymeric materials composed ofa (−Si−O−) backbone with two monovalent organic radicals
attached to each silicon atom (−R2Si−O−), as shown in Figure 1,are generally called

ip
t

“silicone” polymers. The (−Si−O−) repeat unit is also called as the “siloxane” bond or linkage
and therefore other terms used to describe these types of polymers also include siloxane
polymers and polysiloxanes. Since the polymer backbone is “inorganic” in nature, while the

cr

substituents attached to the silicon atom are generally “organic” radicals, silicones form an
important bridge between inorganic and organic polymers. Because of the dual nature of their

us

backbones another widely used name to describe siliconepolymers ispolyorganosiloxanes(14). In this manuscript we will use the term siloxane to describe the backbone unit and silicone

an

to describe the polymers.

M

Figure 1

A main interest in silicone containing copolymers and silicone-modified networks is directly
related to the interesting combination of properties offered by these materials, which include

d

extremely high backbone flexibility and very low glass transition temperatures (Tg),around-

properties

and

te

120 °C, good thermal and oxidative stability, high gas permeability, excellent dielectric
physiological

inertness

or

biocompatibility(1-4).

In

addition,

Ac
ce
p

polydimethylsiloxanes also display very low surface tension values around 21-22 mN/m (46), which is even lower at 13.6 mN/m for trifluoropropyl substituted silicones (4-6),
comparable to highly fluorinated polymers. Another advantage offered by the silicones is their
very flexible chemistry, which allows the preparation of α,ω-reactive functionally terminated
(telechelic) silicone oligomers with; (i) controlled molecular weights ranging from 500 to
50,000 g/mol, (ii) a wide variety of reactive organofunctional end-groups, and (iii) tailordesignedbackbone compositions displaying a wide range of physicochemical properties, as
will be discussed in detail later on.

In this review a comprehensive survey of the recent developments, mainly during the last
decade to fifteen years, on the synthesis, properties and applications of silicone containing
copolymers will be provided. Composition-dependent structure-morphology-property
behavior of silicone copolymers will be discussed in detail. Due to their fairly low surface
energies, special emphasis will be given to the surface properties of silicone copolymers and
5
Page 5 of 79

their blends.Chemistry, properties and applications of crosslinked silicone elastomers or
silicone rubber, which is commerciallythe most important silicone polymer system, will not
be discussed.

ip
t

2. Physicochemical properties of the siloxane (−Si−O−) bond
Silicone polymers display an unusual combination of physical and chemical properties when
compared with homologous carbon-based polymers. This is mainly due to the somewhat

cr

unusual physicochemical properties of the siloxane (−Si−O−) bond(2). In order to better
understand the substantial differences between the behavior of silicone polymers and organic

us

polymers,it is critical to compare the properties of (−C−O−) and (−Si−O−) bonds. Carbon and
silicon belong to Group 4A elements, whereas oxygen belongs to Group 6Ain the periodic

an

table. Atomic radius of the carbon atom (0.77 Å) is much shorter than that of the silicon atom
(1.17 Å), whereas oxygen has a radius of 0.66 Å. Electronegativity values of carbon and
siliconare 2.5 and 1.7 respectively according tothe Pauling electronegativity scale, compared

M

with that of oxygen which has a much higher value of 3.5.These differences between the
atomic radii and the electronegativities of carbon, silicon and oxygen atoms are the main

te

(−C−O−) and (−Si−O−) bonds.

d

parameters that lead tothe remarkable differences in the physicochemical properties of

Using the additivity rule, the theoretically expected bond lengths for (C−O) and (Si−O)

Ac
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p

bondsare 1.43 and 1.83 Å respectively. From x-ray and neutron diffraction studies,
experimentally determined average (C−O) and (Si−O) bond lengths are 1.426Åand 1.622 Å
(2). Although the experimental and theoretical values of (C−O) bond lengths are very similar
to each other, the experimentally determined (Si−O) bond length is significantly shorter than
its theoretical value. This shortening in the (Si−O) bond length is usually explained by the
substantial ionic character (~40%) of the siloxane bond due to the large electronegativity
difference between silicon and oxygen atoms together with its partially double bond character,
due to pπ−dπ interaction between the silicon and oxygen atoms (2). The double bond character
of the (Si−O) linkage results in a fairly large (Si−O−Si) bond angle, which also depends on
the type and nature of the substituents on the silicon atom. For better visualization,the most
stable conformations of hexahydrogensiloxane andhexamethyldisiloxane obtained by
quantum mechanical calculations using the 6,31(d,p) basis set(7) are provided in Figure 2.
The partial double bond character of the (Si−O−Si) linkage (shown by the dotted lines) results
in a (Si−O−Si)bond angle of 152.7 degrees for hexahydrogendisiloxane (Fig 2-a) and 165.4
6
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degrees for hexamethyldisiloxane (Fig 2-c). These are much higher than the sp3 hybridized
(C−O−C) bond angle of dimethyl ether, which is 112.3 degrees (Fig 2-b).Such a large
(Si−O−Si) bond angle results in a reduced energy barrier for the rotation of the organic groups
attached to the silicon atom and thus provides substantial flexibility to the silicone polymer

ip
t

backbone.

cr

Figure 2

Another very interesting property of the (Si−O) bond is its very high bond dissociation energy

us

of 460 kcal/mol, when compared with the (C−O) (357 kcal/mol), (C−C) (345 kcal/mol) or
even with (Si−C) (318 kcal/mol) bonds (2). The double bond character of (Si−O−Si) linkages

an

also plays a critical role in such a high bond dissociation energy. Unusual thermal stability of
silicone polymers is a direct result of such a high (Si−O) bond dissociation energy.

M

As will be discussed in detail later on, the partial ionic nature of the (Si−O) bond also
provides great flexibility to synthetic chemists for the preparation of a wide range of siloxane
backbone compositions through so-called “equilibration”or “redistribution”reactions, using

d

strong acid or base catalysts. In addition, it also allows the preparation of telechelic or α,ω-

te

organofunctionally terminated silicone oligomers with controlled molecular weights and well-
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defined reactive end groups (1, 3).

3. Composition-dependent properties of silicone polymers
One of the major advantages offered by the flexible chemistry of silicone polymers is the
possibility of introducing a wide selection of substituents onto the silicon atom in
thebackbone.These substituents can be inert, such as methyl, phenyl and 3,3,3-trifluoropropyl
(Figure 3) or reactive such as vinyl, hydrogen, epoxy or amino groups (Figure 4). For the
preparation of silicone containing block or segmented copolymers inert backbones are
preferred. On the other hand for crosslinked systems silicone backbones with reactive
substituents may be more suitable.

Figure 3

Figure 4

7
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As shown in Figures 3 and 4, the most common silicone polymer is polydimethylsiloxane
(PDMS), although in principle there are a wide selection of substituents that can be attached
to the siloxane backbone. In addition to its ease of commercial production, PDMS also
displaysan interesting combination of physical properties such as very low Tg (-120 °C), high

ip
t

gas permeability, low dielectric constant, very low solubility parameter of 15.5 (J/cm3)1/2, a
fairly low surface tension of 21-22 mN/m (1-6)and excellent biocompatibility(8).High
molecular weight PDMS (usually with Mn> 5000 g/mol) also displays crystallinity with a

cr

melting point around -50 °C(3, 4), which may limit its flexibility at very low temperatures. To
disrupt the crystallinity ofthe PDMS backbone without affecting its Tg appreciably, it is

us

generally modified by the incorporation of a small amount of a comonomer, such as
diphenylsiloxane.When larger amounts of diphenylsiloxane are introduced into the PDMS

an

backbone to form a random copolymer, it is also possible to obtain silicone copolymers with
composition dependent glass transition temperaturesas shown on Table 1. Due to its
crystallinity and fairly high melting point, polydiphenylsiloxane (PDPS) hasexcellent thermal

M

stability and therefore is also an important silicone polymer. In addition to PDMS and
PDPS,poly(3,3,3-trifluoropropylmethylsiloxane)(PTFPMS) is also widely utilized.

te

d

Table 1

The backbone compositionsof silicone polymers have critical effects on theirphysicochemical

Ac
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p

properties, such as the Tg, solubility parameter, thermal stability andsurface free energy. For
example, the solubility parameters of dimethyl, methylphenyl and diphenyl substituted
polysilicones are 15.5, 18.4, and 19.4 (J/cm3)1/2, respectively (9). The flexibility in the
preparation of silicone polymers with tailor-designed backbone structures and reactive
functional end groups provide almost unlimited possibilities for their use as specialty
polymers or as modifiers for common organic polymersthat display a very interesting
combination of bulk and surface properties (3).

4. Reactive functionally terminatedsilicone oligomers
Functionally terminated silicone oligomers with one or two reactive end groups can easily be
synthesized.Monofunctional PDMSoligomers,which are also termed “macromonomers”, are
usually synthesized by the living anionic polymerization of

hexamethylcyclotrisiloxane

(D3),as shown in Figure 5(3). Since the use of monofunctional PDMS in copolymerization
reactions is fairly limited,in this manuscript we will mainly focus onthe preparation and
8
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characterization of α,ω-reactive difunctionally terminated (telechelic) silicone oligomers(3,
10), which are critical starting materials for the preparation of a wide range of silicone
copolymers through step-growth, free-radical (e. g. Atom Transfer Radical Polymerization

ip
t

(ATRP))or ring-opening polymerization reactions.

Figure 5

cr

Figure 6 provides general structures of two different types of reactive difunctionally
terminated (telechelic) silicone oligomers most widely utilized in copolymerization reactions.

us

First type of oligomers have reactive functional group (X) directly linked to the terminal
silicon atoms (Si–X termination). Second typeoligomers, which are usually termed

an

as“organofunctionally” terminated silicone oligomers have a short hydrocarbon bridge (R)
between the terminal silicon atoms and the reactive functional groups (Si–R–X termination).
(Si–X) terminated siloxane oligomers have higher reactivities towards nucleophilic reagents

M

than their (Si–R–X) counterparts. However copolymerizationof (Si–X) terminated oligomers
with conventional organic monomers leads to the formation of (Si–O–C) linkages, which are

d

thermally stable, but also quite susceptible to hydrolysis under acidic or basic conditions.

te

Figure 6
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As can easily be seen in Figure 6, there are four important variables in (Si–R–X) terminated
siloxane oligomers. These are the:

(i) chemical structure of the reactive end group (X),
(ii) structure and chemical composition of the hydrocarbon bridge (R),
(iii)

type and nature of the silicon substituents (R1 and R2) in the backbone, and

(iv)average degree of polymerization (n) of the oligomer.

In this review we will mainly focus on the organofunctionally terminated telechelic silicone
oligomers with (Si–R–X) type end groups. Oligomers with (Si–R–X) end groups are generally
prepared by the reaction of (Si–H) terminated silicones with vinyl or allyl terminated
functional monomers as shown in Figure 7 for a disiloxane(11, 12). Hydrosilylation is the
name given to the addition reaction of hydridosilyl group to a C=C bond. It is catalyzed by
various metal (platinum, palladium or rhodium) compounds, such as chloroplatinic acid, by
9
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peroxides, such as di-tert-butyl peroxide, by amine complexes or aluminum chloride(11,
12).Chemical structures of important reactive end groups (X) and hydrocarbon bridges (R)
that link these reactive groups to silicone backbone are summarized in Table 2.

ip
t

Figure 7

cr

Table 2

Controlled synthesis of telechelic, organofunctionally terminated silicone oligomers with

us

number average molecular weights from about 500 to 50,000 g/mol can be achieved by
several different methods. As shown in Figure 8, a very popular and simple approach isthe

an

acid or base catalyzed ring-chain equilibration or redistribution reactions of low molecular
weight α,ω-organofunctionally terminated silicones, preferably a disiloxane as shown in the
reaction scheme, which is usually termed as the “end-blocker”and cyclic silicone monomers

M

such as octamethylcyclotetrasiloxane (D4) or others(3, 10, 13, 14).Partially ionic character of
the (Si−O) bond is the main rationale behind the equilibration reactions. During these ringchain equilibration reactions the average molecular weight of the oligomer to be synthesized

d

is controlled by ratio of the end-blocker to the cyclic monomer in the reaction mixture (3, 10,

te

13, 14). Strong acids such as sulfuric acid, trichloroacetic acid and sulfonic acids and strong
bases such as sodium and potassium hydroxide or quaternary ammonium hydroxides can be

Ac
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p

used as catalysts in the equilibration reactions. Reaction temperatures between 50 to 100 ºC
usually provide reasonable rates for these equilibration reactions. Backbone structures of the
silicone oligomers obtained by equilibration reactions can easily be modified through the use
of

various

other

cyclic

siloxane

monomers,

such

as

cyclic

diphenlysiloxane,

methylphenylsiloxane or methyltrifluoropropylsiloxane together with D4(3).

Figure 8

Selection of a specific acid or base catalyst in equilibration reactions is mainly determined by
the nature and the reactivity of the organofunctional end group. In general strong acids are
used for the preparation of oligomers with acidic end groups, such as carboxylic acids and
strong bases are used for basic end groups, such as amines. Special care must be taken in
catalyst selection for end groups such as epoxy, amine and vinyl groups, which may react
10
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with strong acids and bases at high temperatures. In equilibration reactions catalysts can only
cleave the (Si–O) bonds in the cyclic and linear species including that of the end-blocker and
growing chains. However, under these conditions (Si–R) and (R–X) bonds are stable.
Therefore, at the end of the reactions linear oligomers are functionally terminated and cyclic

ip
t

side products, which are around 10-15% by weight depending on the number average
molecular weight of the oligomer prepared (3, 13, 14), are non-functional. At the end of ring-

removed from the reaction mixture by vacuum distillation.

cr

chain equilibration reactions, the catalyst is deactivated and the cyclic side products are

us

Several other methods which can also be utilized for the preparation of organofunctionally
terminated telechelic silicone oligomers include hydrosilylation of the hydride (Si−H)
terminated silicone oligomers with organofunctional vinyl compounds (CH2=CH–R–X) under

an

the catalytic action of platinum compounds(11, 15, 16), derivatization of vinyl terminated
PDMS oligomers through thiol-ene coupling reactions (17), reaction of tetrahydrofuran with

5. Silicone containing copolymers

M

chlorosilane terminated PDMS in the presence of magnesium metal (3) and others(4, 18).

d

Due to their interesting combination of properties,silicone containing block or segmented

te

copolymers have attracted the widespread attention of researchers both from academia and
industry. This has led to the preparation and characterization of a wide variety of silicone-

Ac
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p

organic copolymers and silicone modified network systems, which are described in recently
published books(4, 18-20), symposium series (21-23) and a large number of original research
articles as will be discussed in this manuscript. An excellent review paper specifically on the
synthesis of silicone copolymers by free radical polymerization is also available(24).

Silicone homopolymers, especially PDMS, display cold flow and extremely poor mechanical
properties even at very high molecular weights of 500,000 g/mol (1). Therefore, in all major
structural applications PDMS is used in crosslinked form and is also highly filled with
reinforcing fillers, such as fumed silica. This usually limits the use of various flexible
manufacturing techniques widely utilized in polymer processing. As a result, a
majormotivation for the preparation ofsilicone copolymers is to combine the mechanical
integrity and strength of organic polymers together with the interesting bulk and surface
properties of silicones, to produce polymeric materials which do not need crosslinking or
fillers to be used in various applications(3). Such silicone-organic copolymers can be
11
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processed easily by thermal or other methods applicable to thermoplastic polymers.As will be
discussed in detail in Section 6, another motivation for the preparation of silicone copolymers
is their use as surface modifying additives in polymer blends to provide low surface energy,
water repellency, low coefficient of friction and other interesting properties to the system (25-

ip
t

27). In such applications the organic component of the silicone copolymer provides
compatibility with the base polymer, through intermolecular interactions and/or

cr

entanglements, whereas the silicone moves to the material surface.

Silicone containing copolymers are generally prepared by using one of thefourdifferent

us

polymerization methods. These methods are; (i) living anionic polymerization, (ii) ringopening polymerization (ROP), (iii) atom transfer radical polymerization (ATRP) and (iv)

an

step-growth polymerization.The first three methods are preferable for the preparation of welldefined diblock or triblock silicone copolymers, whereasstep-growth polymerization is used

M

for the preparation of segmented or multiblock copolymers.

5.1. Silicone containing diblock or triblock copolymers
Silicone containing diblock or triblock copolymers with well-defined structures can be

d

prepared by living anionic polymerization through the sequential addition of monomers, using

te

ROP or ATRP.Another widely utilized method is the chemical coupling of functionally
terminated blocks usually prepared by anionic polymerization. Each of these synthetic
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p

techniques and the properties of copolymers obtained will be discussed separately in the
forthcoming sections.Several other methods which can also be used for the preparation of
silicone containing block copolymers include free radical copolymerization using
macroinitiators (21, 28-30), iodine transfer polymerization (24, 31) and reversible additionfragmentation chain transfer (RAFT) polymerization(32-34). Unfortunately, some of these
techniques do not provide very good control of the block lengths, may require the use of
specific monomers and also may lead to extensive homopolymer contamination (29, 30).

5.1.1. Silicone containing block copolymers by living anionic polymerizationthrough
sequential addition of monomers

5.1.1.1. All-silicone block copolymers
All-silicone diblock or triblock copolymers are interesting materials since they combine the
low temperature flexibility and high gas permeability of PDMS together with very low
12
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surface energy of PTFPMS or crystalline, rigid and high strength PDPS or vinyl side group
reactivity of polymethylvinylsiloxane (PMVS) on the same macromolecule. Their synthesis is
usually achieved bythe sequential anionic polymerization of respective cyclic trimers in one

ip
t

pot, leading to the formation of well defined-copolymers with narrow molecular weights.

Three different types of PDPS containing, all-silicone diblock copolymers with well-defined
structures and narrow molecular weight distributions were synthesized by n-butyllithium
anionic

polymerizationthrough

the

sequential

addition

of

corresponding

cr

initiated

monomers(35). All-silicone diblock copolymers prepared included PDPS-PDMS, PDPS-b-

us

polymethylphenylsiloxane (PDPS-PMPS) and PDPS-b-PTFPMS. The thermal transition
behavior of these semicrystalline copolymers were investigated by DSC and polarized optical

an

microscopy studies. The copolymers displayed composition dependent microphase separation.
Mesophase formation and the effect of soft segment structure on phase transitions were

M

investigated(36, 37).

All-silicone diblock copolymers consisting of PDMS and PMVS were synthesized bya onepot,

n-butyllithium

initiated

sequential

anionic

polymerization

of

D3

and

d

(methylvinyl)cyclotetrasiloxane. Copolymers with relatively short block lengths varying

te

between 1000 and 6000 g/mol and polydispersity index (PDI)or molecular weight distribution
(MWD) values between 1.13 and 1.61 were obtained and characterized. Vinyl groups in

Ac
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PMVS blocks could easily be modified with a variety of reactants containing Si—H groups
through hydrosilylation reactions(38).

PDPS-PDMS-PDPS triblock copolymers were prepared in two steps, which consisted of; (i)
the anionic polymerization of D3 initiated by dilithiodiphenylsilanolate yieldingα,ω-bis(lithio
dimethylsilanolate)

terminated

PDMS,and

(ii)subsequentaddition

to

hexaphenylcyclotrisiloxane to yield the triblock copolymer. PDMS and PDPS block lengths
were varied between 4,000 and 36,000 g/mol. Formation of distinct blocks with regular
microstructures wasconfirmed by 1H,

13

C and

29

Si-NMR spectroscopy,differential scanning

calorimetry (DSC) and dynamic mechanical analysis (DMA)(35, 39).

5.1.1.2. Silicone-organicblock copolymers
Well-defined, narrow molecular weight polystyrene-PDMS diblock copolymers (PS-PDMS)
with PDMS contents ranging from 3 to 63 percent by weight were synthesized by living
13
Page 13 of 79

anionic polymerization through sequential addition of monomers(40). The copolymers
obtained showed number average molecular weights <Mn> between 15,000 and 35,000 g/mol
and narrow molecular weightdistributions in the 1.04 -1.34 range. All copolymers
displayedmicrophase separated morphologies. The sample with the highest PDMS content

ip
t

exhibited a lamellar morphology, whereas other samples showed hexagonally packed
cylinders of PDMS in a PS matrix. Dimensions of the domains were between 80 and 160 nm.
Small angle x-ray scattering (SAXS) studies on the sample containing only 3% by weightof

cr

PDMS indicated a disordered morphology(40).

us

PS-b-PDMS diblock and triblock copolymers were also prepared by both anionic and cationic
polymerization of styrene usinga macromolecular initiator(41). DSC analysis indicated

an

microphase-separated morphologies. Depending on the polymer composition transmission
electron microscopy (TEM) studies showed spherical, cylindrical or lamellar morphologies.
Narrow molecular weight PS-PDMS-PS and PS-polyisoprene-PDMS (PS-PI-PDMS) triblock

M

copolymers were also prepared by anionic polymerization (42).

PS-b-PDMS diblock copolymers with PS and PDMS block molecular weights of 114,000 and

d

124,000 g/mol and a PDI of 1.16 were prepared and characterized (43). As expected, the

te

copolymers obtained displayed microphase separated morphologies. Electrospun webs with
average fiber diameter of 300 nm were obtained from3:1 by weight tetrahydrofuran (THF)

Ac
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and dimethylformamide (DMF) solutions. X-Ray photoelectron spectroscopy (XPS) studies
showed that the fiber surfaces were rich in silicone, due to the migration of low surface
energy PDMS to the surface. Electrospun webs displayed superhydrophobic surfaces with
advancing and receding water contact angles of 164 and 149°, respectively.

A series of PS-PTFPMS diblock copolymers were synthesized by the sequential anionic
polymerization of styrene and (3,3,3-trifluoropropylmethyl)cyclotrisiloxane in THF using nbutyllithium as the initiator. The PTFPMS content of the copolymers was varied between 15.4
and 78.8% by weight. The diblock copolymers obtained had number-average molecular
weights <Mn> from 8,000 to 37,000 g/mol and fairly narrowmolecular weight
distributionsbetween 1.06 and 1.20. (44). DSC studies indicatedthe formation of microphase
separated morphologies where Tg values for PTFPMS and PS phases were observed at -69
and 100 °C, respectively.

14
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Hammond and co-workers systematically investigated the synthesis and characterization of
diblock copolymers of PS and side chain liquid crystalline (LC) silicones (45). Preparation of
LC silicone monomers and details of the anionic copolymerization reactions to produce
diblock copolymers with high molecular weights and LC silicone fractions in 0.40 to 0.91

ip
t

were provided. Copolymers with large LC fractions and low Tg values (below -25 °C),
displayed elastomeric properties. TEM and SAXS studies indicated the formation of four
different microphase morphologies depending on the composition and the block length of the

cr

copolymers(45).PS-PMVS diblock copolymers with varying block lengths were also prepared
by anionic polymerization. The vinyl side groups on PMVS were later functionalized with six

us

different liquid crystalline monomers via hydrosilylation(46). Copolymers displayed
microphase morphologies, which were strongly dependent on the LC structure and content.
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Smectic-to-isotropic transition temperature could be tuned from ambient up to 150 °C,
depending on the composition and LC type. It was reported that the ability to precisely control
the degree of LC functionalization enabled tailoring of material properties for specific

M

applications such as electro-mechanical, damping, and mechano-optical devices. PS-PMVSPS triblock copolymers were also prepared by the sequential anionic polymerization. TEM
and SAXS analyses indicated formation of a microphase separated system with a lamellar

d

morphology. Vinyl side chains were used to attach mesogenic side groupsonto the siloxane
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backbone.The resulting liquid crystalline triblock copolymers were shown to be both
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elastomeric and rapidly photoresponsive at room temperature(47).

Well-defined diblock copolymers of poly(1,4-butadiene) (PB) and PDMS (PB-PDMS) were
synthesized by the sequential anionic polymerization of butadiene and D3 in the presence of
sec-butyllithium(42, 48, 49). By homogeneous hydrogenation of PB-PDMS, the
corresponding polyethylene-PDMS (PE-PDMS) block copolymers, were also obtained (36,
42, 50). Size exclusion chromatography (SEC) analysis indicated that the PDIof the samples
was very low (1.03 – 1.06). The PE blocks displayed melting peaks in DSC scans. TEM
analysis revealed well-ordered microphase morphologies, which varied from spherical to
cylindrical to lamellar domains depending on the polymer composition.

5.1.2. Silicone containing triblock copolymers by ring-opening polymerization
α,ω-Reactive functionally terminated PDMS oligomers can be utilized as macroinitiators for
the preparation of triblock silicone copolymers by the ring opening polymerization of cyclic
ester, amide or oxazoline monomers. To facilitate the reactionsorganometallic (tin octoate,
15
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dibutyltin dilaurate)(51)or various organic compounds (amines, acids, imidazoles,
phosphines)(52)are employed as catalysts. The molecular weight of the end blocks are usually
controlled by the ratio of the cyclic monomer in the reaction mixture to the PDMS
macroinitiator (which also becomes the middle block). The earliest examples of such triblock
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copolymers were polycaprolactone-b-PDMS (PCL-PDMS-PCL) and poly(2-ethyloxazoline)b-PDMS (POX-PDMS-POX) triblock copolymers. Chemical structures of these copolymers
are provided in Figure 9. PCL-PDMS-PCL copolymers, which have hydroxyl end groups are

cr

often used as reactive oligomers for the preparation of silicone-urethane segmented

an

Figure 9

us

copolymers as will be discussed in section 5.2.1.

Poly(γ-benzyl-L-glutamate)-PDMS-poly(γ-benzyl-L-glutamate)

(PBLG-PDMS-PBLG)

triblock copolymerswere prepared using α,ω-aminopropyl terminated PDMS oligomers as
for

the

ring-opening

polymerizationof

γ-benzyl-L-glutamate-N-

M

macroinitiators

carboxyanhydride in THF as shown in Figure 10(53). Fairly narrow molecular weight triblock
copolymers with PDI values in 1.22 and 1.38 and PBLG and PDMS block lengths varying

d

between 3,000 and 46,000 g/mol were obtained.13C-NMR, SAXS, wide angle x-ray scattering
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(WAXS), TEMand dielectric spectroscopy studies confirmed the microphase separated
morphologies in copolymers with long peptide blocks, where PBLG α-helical segments were
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embedded within the block copolymer nanodomains. Lateral coherence length of the PBLG
hexagonal lattice,which was composed of α-helices, also containedsome amorphous defects.
Separately

it

was

shown

that

PBLG-PDMS-PBLG

triblock

copolymers

exhibitedreversible,thermally-induced transitions and the hexagonal structure withinthe
polypeptide fibers remained intact, even at high temperatures(54).A series of PBLG-PDMSPBLG triblock copolymers were also synthesized from high molecular weightaminopropyl
terminated PDMS (24,000 g/mol). PBGL block lengths were varied between 2,300 and
37,000

g/mol

as

determined1H-NMR(55).Fourier

transform

infrared

spectroscopy

(FTIR)studies indicated a systematic increase inα-helical contentand decrease in β-sheets and
random

coil

contents

with

increasing

volume

fraction

of

the

PBLG

blocks.

Triblockcopolymers formed thermoreversible gels in toluene with critical gel concentration as
low as 1.5 weight percent with a gel−solution transition around 50 °C, reverting back to
original state when cooled down to room temperature. TEM studies showed that the
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morphology of the organogels consisted of mainly nanofibrils, with an average thickness of
6−12 nm(55).
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Figure 10

Poly(L-lactide)-PDMS-poly(L-lactide) (PLLA-PDMS-PLLA) triblock copolymers were
synthesized by the ring-openingpolymerization of L-lactide usingtelechelic hydroxyalkylether

cr

terminated PDMS oligomer with <Mn> value of 5,000 g/mol in toluene under the catalytic
action of tin octoate (56). These copolymers also have hydroxyl end groups and can be used

us

as reactive oligomers, similar to PCL-PDMS-PCL copolymers. SAXS and TEM studies
indicated composition and block length dependent microphase morphologies for the

an

copolymers, which changed fromlamellar to spherical structures as a function of the volume
fraction of PLLA and the molecular weight of thetriblock copolymer.
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Polylactide-PDMS-polylactide (PLA-PDMS-PLA) triblock copolymers were also obtained by
the ring-opening polymerization of D,L-lactide using 3-(2-hydroxyethoxy)propyl-terminated
PDMS macroinitiators with <Mn> values of 1,000, 5,000 and 8,000 g/mol in bulk or in
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toluene solution under tin octoate catalysis (57).SAXS, AFM and TEM studies indicated the

te

formation of microphase separated morphologies with spherical, cylindrical or lamellar
structures depending on the block lengths and polymer compositions. Selective etchingof the
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PDMS domains using SF6or selectiveremoval of the PLA and oxidation of the PDMS using
O2 and yielded ordered nanoporous films, which were evaluated as multifunctional
nanolithographic templates(57). PLA-PDMS-PLA copolymers were also used as dispersants
for magnetite nanoparticles (58).

A series of PLA-PDMS-PLA triblock copolymers was prepared by the ring-opening
polymerization of mixed D,L-lactides using hydroxypropyl terminated PDMS-4000. Lactide
blocks lengths consisted of

25, 50, and 100 lactic acid units. The polymers were

characterized by a variety of techniques. The influence of block lengths on the thermal
properties (Tg and Tm) of soft and hard segments and stereocomplex formation between PLA
segments were studied (59). A similar study was also conducted by using PDMS-1000 and Dlactic acid (60). PLA-PDMS-PLA copolymers were also prepared through transesterification
reactions in chloroform solution between aminopropyl terminated PDMS oligomers (2000
g/mol) and PLA (61). Block copolymers with molecular weights around 60,000 g/mol were
17
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obtained in high yields. DSC analysis indicated the formation of microphase separated
morphologies with well-defined PDMS glass transition and PLA melting peaks (61).

Hydroxyalkyl carbamate and dihydroxyalkyl carbamate terminated PDMS oligomers with
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<Mn>values of 900 g/mol were used as initiators for the ring-opening polymerization of εcaprolactone to produce PCL-PDMS-PCL and (PCL)2-PDMS-(PCL)2type triblock and H-type
block copolymers, respectively (62). Thermal characterization of the products indicated the

cr

formation of microphase separated morphologies even though the block lengths were fairly
short. In a separate study PCL-PDMS-PCL copolymer surfaces were characterized by

us

dynamic contact angle analysis, XPS and AFM. Surface morphology of the solvent cast films
displayed semicrystalline structure with spherulites in the micron scale and alternating

an

semicrystalline PCL-rich and amorphous PDMS-rich lamellae on the nanometer scale (63).
XPS clearly showed surface enrichment by PDMS. Surface morphology strongly affectedthe

M

protein adsorption and thus thebiocompatibility of the copolymers.

Silicone containing triblock copolymers were synthesized by the cationic ring-opening
polymerization of 2-methyl-2-oxazoline using bistosylate-terminated siloxane oligomers as

d

macroinitiators (64). Triblock copolymers were shown to undergo vesicle formation with
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vesicle diameters ranging from 2 to 10 µm. Thesize of the vesicle was shown to depend on the
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composition and the overall polarity of the copolymer.

5.1.3. Silicone containing block copolymers by atom transfer radical polymerization
ATRP has beensuccessfully utilized for the preparation of silicone (mainly PDMS) containing
diblock and triblock copolymers. Bromoalkyl or chloroalkyl terminated PDMS oligomers
which were used as macroinitiators in ATRP polymerizations, were generally prepared by the
controlled anionic polymerization or through equilibration reactions. In most cases PDMS
oligomers with <Mn> values in 1,000-10,000 g/mol range, were utilized as macroinitiators in
the copolymerization reactions (24).

Matyjaszewski and co-workers were first to report the preparation of PS-PDMS-PS triblock
copolymers by using benzyl chloride terminated telechelic PDMS macroinitiators with
<Mn>values of 3,000 and 9,900 g/mol (65). Overall molecular weights of the copolymers
obtained were around 20,000 g/mol, which was fairly low. The same group (66, 67) and
others (68-70)also reported the preparation of PDMS-poly(methyl methacrylate) (PMMA)
18
Page 18 of 79

and PDMS-poly(n-butyl acrylate) (PNBA) diblock and triblock copolymers using 2bromoisobutyrate or benzyl chloride terminated PDMS oligomers with <Mn> values in 4,500
to 34,000 g/mol range. Figure 11 provides the reaction scheme and the chemical structure of
the PS-PDMS-PS triblock copolymers obtained by ATRP polymerization(68). Diblock or
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triblock copolymers with molecular weights in 10,000 to 90,000 g/mol range and with a fairly
narrow molecular weight distribution (PDI values of 1.05 - 1.20) were obtained.In the same
report, the preparation and characterization of triblock copolymers of PS-PDMS-PMMA and

cr

PS-PDMS-PNBA were also discussed(70, 71). The Matyjaszewski group mainly investigated
the basic polymerization parameters, such as conversion as a function of reaction time, the
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change in the copolymer molecular weight and PDI as a function of conversion and
performed compositional analysisof the final copolymers by NMR(65-67, 72). No data on the

an

morphologies or thermal or mechanical properties of the copolymers were provided.

M

Figure 11

d

2-Bromoisobutyrate terminated PDMS macroinitiators were prepared from aminopropyl and

te

hydroxylalkyl terminated PDMS oligomers, which were subsequently used for the preparation
of PMMA-PDMS-PMMA and PDMS-PMMA type block copolymers through ATRP
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polymerization (71). The efficiency of the macroinitiator prepared from amine the terminated
PDMS was reported to be low, which resulted in poor control of the block molecular weights.
On the other hand DSC analysis of the copolymers indicated microphase separated
morphologies in the copolymers obtained.Preparation of PS-PDMS-PS and PMMA-PDMSPMMA triblock copolymers by ATRP polymerization with PDMS block lengths of 1,000 and
5,000 g/mol were discussed (68). DSC studies on PDMS-5000 based block copolymers
showed respective glass transition temperatures for both blocks and melting for the PDMS
blocks, clearly indicating the formation of microphase separated morphologies.

5.1.4. Silicone containing block copolymers by the chemical combination of preformed
blocks
Chemical combination ofoligomers with reactive functional end groups and telechelic PDMS
oligomers have also been utilized for the preparation of silicone containing block copolymers.
One of the preferred routesfor the formation of PDMS copolymers through coupling reactions
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is the addition of Si-H on PDMS to C=C end groups of the other block(73-75), as shown in
Figure

12.

Low

molecular

weight

divinyloligodiphenylsiloxanes

and

α,ω-

dihydridopentasiloxanes were copolymerized by Pt-catalyzed hydrosilylation. Oligomer and
polymer structures and compositions were determined by NMR and FTIR spectroscopy. Due
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to the short segment lengths used, DSC analysis showed a single Tg for the copolymers
obtained, which increased linearly with diphenylsiloxane content in the copolymer (76). All
silicone copolymers were also obtained through the Pt-catalyzed reaction of αand

α,ω-bis(hydrido)polydimethylsiloxane(35).

cr

vinyldimethylsiloxypolydiphenylsiloxane

Formation of well-defined block copolymerswasconfirmed by 1H,

13

C and

29

Si NMR
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spectroscopy. DSC clearly showed formation of microphase separated morphologies with
well-defined PDMS Tg and melting and PDPS melting transitions (35). In another approach

an

dihydroxy terminated PDPS oligomers were reacted with dichlorine (Si-Cl) terminated PDMS
oligomers to obtain triblock copolymers. DSC and wide-angle X-ray diffraction (WAXD)

dependent on polymer composition (77).

M

studies indicated the formation of microphase separated morphologies, which was strongly

te
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Figure 12
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Epoxy terminated telechelic PDMS oligomers were reacted with polybutadienyllithium to
prepare PBD-PDMS-PBD triblock copolymers (78). The copolymers were purified by
fractional precipitation and characterized using NMR, vaporpressure osmometry, SEC
andelemental analysis.PDMS-Oxetane-PDMS triblock elastomers were prepared by the
reaction of isocyanate terminated fluorinated oxetane oligomers with an excess of
aminopropyl terminated PDMS oligomers (79).Copolymers were all optically transparent due
to similar

refractive indices of PDMS and oxetane oligomers. AFM images obtained on the fracture
surfaces of copolymers revealed microphase separation. Despite fairly low hard segment
contents,the triblockcopolymers displayed goodtensile strengths(79). Elastomeric PDMSpoly(olefin sulfone) networks were prepared by click chemistry through the coupling
reactions of azide functional PDMS oligomers and alkyne functional poly(olefin sulfone)
oligomers(80). Mechanical properties and hardness of the materials obtained were strongly
dependent on their chemical compositions. Under mild basic conditions composite networks
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Page 20 of 79

could easily be degraded into their individual components so they were recyclable (80). Low
temperature metal free, azide-to alkynecycloaddition reactions were also used to prepare a
wide range of silicone-PEO graft copolymers with amphiphilic properties (81,
82).Polybutadiene-PDMS graft copolymers were obtained by the hydrosilylation of Si-H
PDMS macromonomers

and

polybutadiene,

which

were

subsequently
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terminated

hydrogenated into polyolefin-PDMS graft copolymers (83).

cr

5.2. Silicone containing segmented or multiblock copolymers by step-growth
polymerization

us

Due to the ease of preparation of reactive, telechelic silicone oligomers and availability of a
very large number of reactive difunctional organic monomers and oligomers, step-growth

an

polymerization has been the most important method for the preparation of a wide variety of
segmented or multiblock silicone containing copolymers, such as silicone-urea and urethanes,
silicone-amides, silicone-imides and many others.Synthesis, characterization, structure-

M

morphology-property behavior and potential uses of each of these copolymers will be
discussed in detail.

d

5.2.1. Silicone-urea and silicone-urethane segmented copolymers

te

Silicone-urea and silicone-urethane copolymers are the most widely investigated silicone
copolymers. This is mainly due to; (i) availability of a large number of starting materials
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enabling the preparation ofcopolymers with a wide range of compositions, (ii) flexible
synthetic chemistry of segmented thermoplastic polyurethanes, and (iii) interesting
combination of structure-morphology and surface and bulk properties of the resulting
materials. Potentialapplications of silicone-urethane and silicone-urea copolymers as foulingrelease coatings (84-86),biomaterials(87, 88) and surface modifiers for various polymers and
fibers (25-27) have also attracted interest for the investigation of these systems.

A critical problemfor the preparation of chain extended,high molecular weight silicone-urea
copolymers has been the choice of the proper reaction solvent during the chain extension
reactionsthat wouldsuccessfully dissolve very non-polar PDMS (solubility parameter δ =
15.5(J/cm3)1/2) and extremely polar urea hard segments (solubility parameters δ ~ 40 to 45
(J/cm3)1/2)(5). This has been overcome by the use of isopropyl alcohol (IPA) as the reaction
solvent for the preparation of high molecular weight silicone-urea copolymers with fairly high
urea hard segment contents of up to 42% by weight(89). IPA is an unusual solvent for
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polyurea or polyurethaneurea synthesis, since it can potentially react with the diisocyanates to
form urethane linkages. However, it was demonstrated that reactivity of IPA with aliphatic
diisocyanates is fairly negligible at room temperature, for up to several hours(89), which is
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sufficientfor chain extension with diamines to form urea hard segments.

Another potential problem regarding silicone-urethane polymer synthesis, which is quite often
disregarded, is the stability of the hydroxyalkyl end groups on the PDMS oligomers. It has

cr

been demonstrated that hydroxypropyl-, or hydroxybutyl end groups can backbite the terminal
silicon atoms in the PDMS oligomers, leading to the formation of 5 and 6-membered stable

us

cyclic silicone compounds and the loss of end-group functionality, as shown in Figure 13(90).
Hydroxalkyl terminated PDMS oligomers with long alkyl bridges between silicon atom and

an

the hydroxyl end groups, such as C6 or longer alkyls are shown to be stable (10, 90).

M

Figure 13

Several research groups, especially those led by Yilgor and Wilkes (91-98), Runt (88, 99102)and Gunatillake (87, 103-107) have been very active regarding the preparation,
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characterization and investigation of the structure-morphology-property behavior of silicone-
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urea and silicone-urethane copolymers.Webster and co-workers (84-86, 108-116)have mainly
investigated the synthesis and characterization of silicone containing crosslinked polyurethane
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networks and their performance as antifouling or foul release coatings.

A comprehensive investigationon the effect of a large number of variables, including PDMS
molecular weight, type and structure of the diisocyanate and the chain extender and hard/soft
segment content, on the structure-morphology-property behavior of homologous siliconeurethane and silicone-urea copolymerswas performed(89, 91-98, 117). Silicone-urethane and
silicone-urea

copolymerswere

prepared

in

two

steps,

using

hydroxyhexyl

and

aminopropylterminated PDMS oligomers with number average molecular weights of 900,
2,500 and 7,000 g/mole, a cycloaliphatic diisocyanate and various diol and diamine chain
extenders. Due to very high reactivity of amine and isocyanate groups, silicone-urea
copolymers can easily be prepared at room temperature in IPA solution (89). On the other
hand silicone-urethane copolymers are prepared at 60-80 °C and under the catalytic action of
tin catalysts (117).Figure 14 provides the reaction scheme for the preparation of siliconeurethane copolymers. Hard segment contents of the copolymers covered a wide range from
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Page 22 of 79

16 to 50% by weight(89). Silicone-urea and silicone-urethane copolymers based on PDMS2500 and PDMS-7000 displayed well microphase separated morphologies based on DMA and
SAXS studies(117).As shown in Figure 15, the silicone-urea copolymer based on PDMS7000 with a hard segment content of 18% by weight exhibited a well-defined PDMS Tg at-
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120 °C, followed by crystallization starting at -100 °C and a sharp melting at -60 °C. It also
displayed a remarkable service temperature range of 230 °C (from -55 to +175 °C). As
expected, due to stronger bidentate hydrogen bonding between the urea hard segments,

cr

silicone-urea copolymers displayed better tensile properties when compared with homologous
polyurethanes (89, 117). Interestingly, ultimate tensile strengths of silicone-urea copolymers

us

showed a linear dependence on the urea hard segment content, as reproduced in Figure
16(89). Molecular dynamics and mesoscale dynamics simulation studies were also used to

an

study the morphology and properties of silicone-urea copolymers with PDMS segment
lengths varying between 700 and 15,000 g/mol and urea hard segment content between 1.7
and 34% by weight (98). Results clearly indicated the presence of well microphase separated

M

morphologies and very strong bidentate hydrogen bonding between urea hard segments,
leading to the formation of strong elastomers. Other reports describing the preparation,
characterization and various properties of silicone-urea and silicone-urethane copolymers

te
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127).
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based on different silicone oligomers, diisocyanates and chain extenders are available (118-

Figure 14

Figure 15

Figure 16

In another study, the influence of PDMS molecular weight (10,800 and 31,500 g/mol) on
microphase morphology and tensile properties of silicone-urea copolymers with hard segment
contents of 2 to 15% by weight was investigated (96). In spite of their very low hard segment
contents, all copolymers displayed excellent microphase separation as indicated by DMA
studies. Interestingly, ultimate tensile strengths of silicone-urea copolymers with similar hard
segment contents increased with PDMS molecular weight. When copolymers based on the
same PDMS soft segment were compared, hysteresis increased linearly and instantaneous set
decreased slightly with increasing hard segment content (96, 97). On the other hand when the
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PDMS soft segment molecular weight increased from 10,800 to 31,500 g/mol, significant
decrease in the hysteresis and constant load creep was observed. Since the critical
entanglement molecular weight of the PDMS is stated to be 24,500 g/mol (128), these results
suggest contribution of chain entanglements on the tensile properties of silicone-urea
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copolymers.Silicone-urea/fumed silica nanocomposites were also prepared using these
copolymers (129). Incorporation of silica improvedtensile and thermomechanical properties
of silicone-urea segmented copolymers significantly. Very interestingly, silicone-urea

cr

copolymer nanocomposites prepared using long alky chain quaternary ammonium modified

us

montmorillonite displayed excellent long-term antibacterial properties against E Coli (130).

In addition to polyurea and polyurethane copolymers containing only PDMS soft segments,

an

there have been intensive efforts on the preparation and characterization of silicone
copolymers with mixed PDMS, polyether, polyester and polycarbonate soft segments.
Structure-property behavior of poly(propylene oxide) (PPO) modified PDMS-urea

M

copolymers, synthesized using aminopropyl terminated PDMS oligomers with number
average molecular weights of 3,200 and 7,000 g/mol and amine terminated PPO with number
average molecular weights of 450 or 2,000 g/mol, containing 10-35% by weight hard

d

segments were investigated (95). SAXS and DMA analysis indicated the formation of

te

microphase separated morphologies with a limited amount of inter-segmental mixing between
PPO and the urea hard segments, leading to the formation of a gradient interphase between
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hard and soft microphases. Incorporation of PPO resulted in distinct improvements in the
Young’s modulus, tensile strength and elongation at break values of the copolymers, however
it also resulted in an increase in the mechanical hysteresis displayed by the materials. Kinning
(131) also investigated the synthesis, bulk, surface properties and interfacial structures of a
series of PDMS-PPO-urea polymers prepared using aminopropyl terminated PDMS (5,000
g/mol) amine terminated PPO (900 g/mol) isophorone diisocyanate and 1,3-diamino pentane
chain extender. PDMS content of the polymers was fixed at 25% by weight. PPO and urea
hard segment (HS) contents in the copolymers were varied between 10-55 and 20-65% by
weight respectively (131). As reproduced in Figure 17 TEM studies clearly showed well
phase separated spherical PDMS domains with approximate diameters of 10-20 nm, in a
continuous PPO/HS mixed matrix. DSC studies showed a single Tg for the matrix, which
increased systematically as the HS/PPO ratio increased. XPS and static water contact angle
studies clearly indicated the formation of silicone rich surfaces for all polymers.
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Figure 17

The synthesis and characterization of PDMS modified poly(tetramethylene oxide) (PTMO)
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based polyurethanes was reported(132). All polymers displayed complex multiphase
morphologies and surfaces rich in silicone, which could be oxidized to a silica type protective
layer, leading to improved fire resistance (132). Other studies on the preparation and
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characterization of PDMS modified PTMO (133-135) and poly(ethylene oxide) based
polyurethanes (136, 137) also reports the formation of multiphase polymers with improved

us

tensile properties.
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Gunatillake and co-workers investigatedthe synthesis, composition dependent morphological
behavior, mechanical properties and biostability of a large number of segmented silicone
containing polyurethanes(87, 103-107). Silicone-urethane copolymers based on MDI, 1,4-
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butanediol (BD) and PDMS-1,000, 2,000 and 3,000 g/mol,with a fixed hard segment content
of 40% by weight, showed two phase morphologies regardless of the PDMS molecular
weight(106). These copolymers also displayed fairly good ultimate tensile strengths around
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22 MPa. Young’s modulus values of the copolymers with constant hard segment content
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increased with increasing PDMS molecular weight, which is attributed to longer hard segment
molecular weights. They also carried outa systematic investigation on polyurethanes with40%
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by weight hard segment content based on MDI and BD and mixed PDMS and polyether or
polycarbonate soft segments(104). The soft segments were based on 80/20 mixtures of
PDMS-1000 and a polyether glycolor a polycarbonate glycol with an average molecular
weight of 700 g/mol. Polyethers included poly(ethylene oxide) (PEO), PPO, PTMO,
poly(hexamethylene oxide) (PHMO) and poly(decamethylene oxide) (PDMO).Polycarbonate
glycols included poly(hexamethylene carbonate) and two other oligomers. Results of DSC
and DMA studies indicated that all polyurethaneshad microphase separated morphologies, the
extent of which strongly depended on the chemical structure of the polyether or polycarbonate
oligomer(104). While PTMO and PHMO containing systems displayed very good microphase
separation, PEO based copolymers showed significant mixing with the urethane hard
segments leading to a broad interphase region between soft matrix and urethane hard segment
domains(7, 104, 138). As expected, microphase morphology strongly affected the tensile
properties, where PTMO and PHMO containing copolymers displayed much higher tensile
strengths when compared with their PEO homologs(104, 105). In a separate study, they also
25
Page 25 of 79

investigated the influence of the chain extender and diisocyanate (HMDI) structures on the
morphology and properties of polyurethanes based on mixed PDMS-1000/PHMO-700
(80/20) soft segments (107). It was shown that HMDI based copolymers displayed similar
morphology and properties as those of homologous MDI based systems. On the other hand
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structure of the chain extender used (BD versus bis(4-hydroxybutyl)tetramethyldisiloxane
showed very significant effect on the morphology and properties, where BD chain extended
copolymers displayed better microphase separation and formation of stronger elastomers

cr

(103, 105, 107). Due to their elasticity, biostability, hemocompatibility and toughness, these
types of silicone containing copolymers are of interest as biomaterials for applications such as
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tests on these materials are discussed in the next section.
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cardiac and orthopedic devices, plastic surgery and drug release. In vitro and in vivo stability

Runt and co-workers also studied the influence of soft segment compositions on the
microphase morphology and properties of segmented polyurethanes(88, 99-102, 139).
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Theyreported that the silicone-urethane copolymers prepared from ethoxypropyl terminated
PDMS-1000, MDI and BD, with hard segment contents of 26 to 52% by weight,displayed a
three-phase morphology consisting of a soft PDMS matrix, hard urethane domains and a
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mixed ethoxypropyl/urethane mixed phase(102). They indicated that the extent of microphase
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separation increased with an increase in hard segment content, which is expected.
Interestingly, when they used PDMS and PHMO mixed soft segments they also observed a
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three-phase morphology consisting of PDMS matrix, urethane hard segment domains and a
mixed PHMO/urethane phase(99). No data on the mechanical properties of the copolymers
were provided. They also reported the preparation and characterization of segmented
polyurethanes using a silicone-carbonate macrodiol as the soft segment, with fairly high hard
segment contents of 40 to 60% by weight(88). These materials showed extensive phase
mixing when compared with polyurethanes consisting of only PDMS soft segments, which
resulted in softer materials with low Young’s modulus, but with fairly high ultimate tensile
strengths of up to 40 MPa and elongation at break values of 400-700% depending on the
composition. The effect of temperature on the microphase behavior of silicone-urethane
copolymers also containing polycarbonate and polyether soft segments was investigated(140).
FTIR and SAXS results indicated that, depending on theirchemical composition and urethane
hard segment contents, at temperatures above 150 °C all copolymers displayed single phase,
clear melts. Upon cooling all materials displayed microphase separated morphologies, typical
of silicone-urethane copolymers (140). The effect of the soft segment structure on the
26
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microphase morphologies of polyurethanes based on PTMO, aliphatic polycarbonate and a
mixed PDMS/PHMO soft segments and MDI and BD hard segments was also investigated
(141). Polyurethanes containing mixed PDMS/PHMO were reported to display three-phase
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core-shell morphology, while the others exhibited typical two-phase structures (141).

Hydroxy terminated triblock silicone copolymers, such as PCL-PDMS-PCL and PLLAPDMS-PLLA were also utilized as reactive oligomers for the preparation of silicone-ester-

cr

urethane type segmented polymers(51, 62, 142, 143). The presence of PCL groups provide
excellent solubility to the PDMS containing oligomer in polar solvents such as DMF and
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DMAC, which are widely utilized in polyurethane synthesis. Silicone-ester-urethane polymers
based on PCL-PDMS-PCL triblock oligomers, various diisocyanates and chain extenders
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displayed multiple transitions in DSC analysis, where distinct Tg values were observed for
PDMS around -120 °C and for PCL around -55 °C and a sharp crystalline melting peak for
PCL around 50 °C, clearly indicating formation of microphase separated morphologies.
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Polymers also showed formation of silicone-rich surfaces as determined by XPS and contact
angle measurements (51, 142, 144).Crosslinked PDMS-ester-urethane polymers displayed

te

crosslinking (145).
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composition dependent tensile properties, which also showed strong dependence on degree of

Webster and co-workers used combinatorial methods for the synthesisand characterization of

Ac
ce
p

a wide range of crosslinked silicone-urethane copolymer compositions as antifouling and
fouling-release coatings(84-86, 108-116).Due to its low surface energy and low modulus,
PDMS has received widespread attention in marine coatings (146).One drawback regarding
pure PDMS elastomers was their poor adhesion to most substrates and rather poor mechanical
strength. To develop a tougher PDMS containing coating system, which also maintained its
properties after long-term under water immersion, the Webster group investigated crosslinked
silicone-polyurethanesystems, which were also modified by reactive polyester (mainly
polycaprolactone) oligomers. Since the coating systems included many variables, such as
PDMS and polycaprolactone (PCL) oligomers with different molecular weights, crosslinkers,
catalysts, fillers, solvents, etc., they used combinatorial high-throughput experimentation in
order to optimize the coating formulations.In some studies they also utilized reactive hydroxyl
terminated PCL-PDMS-PCL oligomers (62). DSC and DMA studies clearly demonstrated the
formation of microphase separated bulk and surface morphologies in these crosslinked
PDMS-PCL-urethanes (62, 108, 110).XPS and water contact angle studies indicated the
27
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formation of PDMS rich surfaces. SEM image and its silicon map are provided in Figure 18Aand 18-B, together with the topographical AFM image (Figure 18-C) of a coating containing
37% by weight of PCL-PDMS-PCL (10% by weight of PDMS)(108). These results clearly
showed the presence of well-defined and homogeneously distributed spherical PDMS
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domains on the coating surface with an average size of about 1.5 µm(62, 108). It was reported
that there was a dramatic effect of the PDMS oligomer molecular weight on the surface
energies of the coatings obtained with constant PDMS content of 20% by weight. As the

cr

molecular weight of the PDMS oligomers increased from 1,000 to about 35,000 g/mol,
surface energy of the coating decreased dramatically (110). Performance of fouling-release

us

coatings are determined by the pseudobarnacle adhesion tests performed according to ASTM
D 5618, where wooden studs of known diameters are glued to the surface of the coatings and

an

the shear force required to remove each stud is measured by a force gauge. When coating
formulations containing 10, 20, 30 and 40% by weight PDMS were compared for their foulreleasing efficiency, interestingly thelowest pseudobarnacle adhesion was obtained with 10%

M

PDMS containing systems. The average force of release increased linearly as the PDMS
content increased from 10 to 40% by weight (110). Crosslinked PDMS-acrylic-urethane
coatings were also prepared and characterized (113). Linear PDMS-urea copolymers that

d

display microphase separated morphologies and good mechanical properties were also shown

te

to exhibit advanced fouling-release properties depending on their chemical compositions and
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PDMS molecular weight (118).

Figure 18

5.2.1.1. In vitro and in vivo hydrolytic and oxidative stability (biostability) of siliconeurethane copolymers

One of the important applications of polyurethane elastomers is in implantable biomedical
devices, such as artificial blood vessels, catheters and components of pacemaker leads(8).A
major problem regarding the long-term use of polyether or polyester based polyurethanes in
contact with tissue, blood and other bodily fluids is their hydrolytic and oxidative stability(8).
It has been well documented that both in vivoand in vitro applications conventional polyester
based polyurethanes undergo hydrolysis(87, 147),whereas polyether and to a lesser extent
polycarbonate based polyurethanes show oxidation over time.These types of degradation
28
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reactions ultimately result in environmental stress cracking and lead to the failure of the
devices(8). Modification of polyurethanes through the chemical incorporation of low surface
energy PDMS soft segments have shown to improve the hemo and/or biocompatibility of
these materials (87, 88, 148, 149). Similar effects have also been observed through the
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blending of polyurethanes with silicone containing copolymers (3, 51, 150). As discussed in
section 5.2.1 in detail, extensive studies have been carried out on the preparation and
characterization of PDMS containing polyurethanes with the expectation that incorporation of

cr

low surface energy, hydrophobic PDMS soft segments wouldalso provide better thermal,

us

oxidative and hydrolytic stability to the polyurethanes for in vivo applications.

Biostability of different ratios of PDMS/PHMO containing polyurethanes based on MDI and
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BD hard segments (40% by weight) were investigatedby Gunatillake (151). Biostability was
assessed by strained subcutaneous implantation in sheep for three months followed by SEM
investigationand mechanical testing (151-153). For comparison, commercial polyurethanes

M

were also investigated as control materials. It was reported that PDMS modified
polyurethanes displayed much better biostability when compared with polyether based
polyurethanes, where the best performance was displayed by the copolymer containing 80%

d

by weight PDMS [129-131. Hydrolytic and oxidative stabilities of polyether and
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polycarbonate based polyurethanes and a PDMS modified polyether-urethane copolymer
containing 20% by weight PDMS were studied by Runt(154).In vitro stability tests were
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carried out on unstrained film samples, at 37±1°C in an oxidative solution containing 20%
hydrogen peroxide in 0.1 M cobalt chloride solution, for 72 hours. SEM, ATR-FTIR, AFM,
SAXS and DMA were used for the characterization of the samples. Results showed that
silicone modified polyurethane was more stable toward hydrolysis or oxidation, when
compared with polycarbonate or polyether based polyurethanes (154).

Anderson and Ward also carried outstability studies both in vitro and in vivo for a polyether
(PTMO), MDI and BD based polyurethane as control and PDMS containing homologs, where
PDMS content was 10, 20, 35 and 61% by weight (155-157).Characterization techniques
included optical microscopy, FTIR and molecular weight determination by SEC. In vitro tests
were performed in 3% hydrogen peroxide in saline solution at 37°C for up to 252 days. For in
vivo studies sterile films were implanted in the dorsal subcutis of rabbits and were explanted
after 6, 12, 18 and 24 months.In vitro studies showed that 20 and 35% PDMS containing
polyurethanes were the most stable against degradation. In vivo studies also indicated similar
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results, with no deterioration in the appearance or properties of 20 and 35% PDMS containing
polyurethanes even after 2 years, while polyether based polyurethane showed significant
degradation (156).These materials were also tested in vivo under stress (400% elongation) for
up to 18 months. Results obtained were similar, where PDMS containing polyurethanes
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showed dramatically reduced autooxidation and stress cracking when compared with
polyether based control (155, 156, 158). It was demonstrated that in addition to polyether
containing polyurethanes, PDMS incorporation also increased the biostability of

cr

polycarbonate based polyurethanes dramatically(158).
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Comprehensive investigation of the stability of PDMS containing commercially available
polyurethanes Elast-Eon E2A and Pursil 3 and a control polyether based aromatic
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polyurethane were carried out(159). Samples were aged in a phosphate based buffered saline
solution at pH=7.4±0.5 at 37, 55, 70 and 85 °C, for up to one year. Samples were
characterized by molar mass determination, SAXS, DMA and tensile testing. All of the

M

samples showed a decrease in molar mass with increased time and temperature. The
degradation was slower in PDMS modified Pursil 35, when compared with other samples. It
was also reported that the reduction in the molar mass resulted in substantial degradation in

te

d

the tensile strengths and the toughness of the materials (159).

5.2.2. Silicone-ester copolymers
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The synthesis, characterization and structure-property behavior of silicone-polyester block
and segmented copolymers have been investigated. Detailed discussions on the preparation
and structure-property behavior of triblock silicone-ester (PCL-PDMS-PCL) copolymers have
already been provided in Section 5.1.2(51, 62). Here,the synthesis and properties of siliconeester multiblock or segmented copolymers will be discussed.

5.2.2.1. Silicone-ester segmented copolymers through enzyme catalyzed condensation
Segmented silicone–ester copolymers were synthesizedin high yields by the direct
polycondensation of diacids and hydroxypropyl terminated PDMS oligomersusing Novozym
435(Lipase B from Candida antarctica) as the catalyst (160). During the polymerization
reactions butane, hexane and octanedioic acids were used together with hydroxypropyl
terminated PDMS oligomers with molecular weights of about 500 and 800 g/mol. Reactions
were second order with a fairly low activation energy of 50.6 kJ/mol (161, 162). Copolymers
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obtained displayed overall molecular weights in 6,000 to 9,000 g/mol range and PDMS Tg
values at between -103 and -123 °C.

Novozym 435 was also used as a catalyst for the synthesis of PDMS-aromatic polyester
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segmented copolymers by transesterification reactions between hydroxyalkyl terminated
PDMS-2500 and dimethylterephthalate (DMT) in toluene at 80-90 °C. Copolymer molecular
weight increased substantially with reaction time reaching to 38,000 g/mol after 96 hours

cr

(163). Copolymers obtained were reported to be amorphous liquids at room temperature, due
to very long PDMS and very short ester segments that are not capable of forming hydrogen

us

bonding observed between urethane, urea or amide groups. DSC studies clearly showed
PDMS Tg at -120 °C, however no melting transition was observed for the aromatic ester
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segments. It may be possible to obtain high strength PDMS-ester copolymers through the use
of short chain diols, such as ethylene glycol or BD as “chain extenders” for the ester segments
during the synthesis reactions. Same group also investigated the synthesis and

M

characterization of PDMS-aliphatic ester segmented copolymers by the transesterification of
carboxypropyl terminated PDMS with BD, 1,6-hexanediol and 1,8-octanediol using Novozym
435 as the catalyst(164). The molecular weights of the copolymers obtained strongly

te

d

depended on the reaction temperature, enzyme activity and enzyme concentration.

PDMS-polyesteramide copolymers were synthesized using aminopropyl terminated PDMS-
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1000, 1,8-octanediol or fluorinated diols and diethyl adipate in bulk, under the catalysis of
Novozym 435. Copolymers with <Mn> values around 10,000 g/mol were obtained (165, 166).
Due to fairly low molecular weight and poor microphase separation, the copolymers did not
form strong films.

5.2.2.1. Silicone-ester segmented copolymers by melt esterification
Segmented PDMS-polyester copolymers were synthesized usingPDMS-2000, BD and adipic
acid or 1,4-cyclohexanedicarboxylic acid, in melt under the catalysis of titanium
tetraisopropoxide(167).The PDMS content of the copolymers varied between 5 and 50% by
weight. DSC and AFM studies clearly demonstrated the formation of microphase separated
morphologies with highly crystalline polyester segments as indicated by WAXD and DSC
results. Copolymers displayed three distinct morphologies as a function of increasing PDMS
content, which were: (i) spherical microdomains of PDMS in a polyester matrix, (ii)
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bicontinuous double-diamond type morphology, and (iii) spherical microdomains of polyester
in a continuous PDMS matrix.

The effect of structural variables on the properties of silicone-polyester segmented
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copolymers has been investigated(168-173). Melt transesterification reactionswere used for
the preparation of PDMS-polyester segmented copolymers. In one methodhydroxyalkyl or
carboxypropyl terminated PDMSoligomerswere reacted with DMT and BD under the

cr

catalysis of titanium isopropoxide to prepare PDMS-poly(butylene terephthalate) (PBT)
copolymers (168-170). The copolymers obtained, which contained 10 to 40% by weight of

us

PDMS soft segments withmolecular weights of 600 to 2,500 g/mol,displayed microphase
separated morphologies as evidenced by the DSC studies, where a PDMS Tg around -115
Melting

an

°Cand PBT melting endotherms in 205-235 °C were observed(168-170, 174).

temperatures displayed by the PBT microphase gradually increased with an increase in the
molecular of PBT segments in the copolymers. In a recent work (174) same group reported

M

some inefficiencies related to the complete incorporation of hydroxyalkyl terminated PDMS
into the copolymers. Although not clearly mentioned in the article, this was most probably
due to the instability of hydroxyalkyl end groups under the reaction conditions(90). As a

d

result, in their recent publications they used a different transesterification approach for the

te

PDMS-polyester copolymer synthesis, which has also been reported earlier by Yilgor(175). In
this methodtelechelic, hydroxyl terminated PCL-PDMS-PCL copolymers were used instead
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of hydroxyalkyl terminated PDMS oligomers, together with DMT and BD(171). By using this
technique PDMS-PCL-PBT segmented copolymers with PDMS contents varying from 6 to
33% by weight were prepared. SEC measurement indicated formation of high molecular
weight copolymers with <Mn> values of

22,000 to 66,000 g/mol. The structure and

composition of the copolymers were determined by 1H-NMR. DSC analyses clearly showed
the formation of microphase separated systems with a clear Tgaround -120 °C for PDMS
segments and crystallization and melting peaks for PCL and PBT segments(171).PDMSpolyester segmented copolymers were also prepared by the transesterification reactions ofα,ωhydroxyalkylether terminated PDMS oligomers(1000 g/mol), dimethylterephthalate and 1,4butanediol (173).Copolymers withPDMS content between 10 and 60% by weight were
prepared. The effect of the polymer composition on crystallinity and thermal stability of the
copolymers were investigated.
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Liquid crystalline PDMS-polyester segmented copolymers were synthesized in solution using
hydroxypropyl terminated PDMS oligomers with molecular weights of 250 and 1,200 g/mol,
2,6-bis(4-hydroxybenzylidene)cyclohexanone and sebacoyl and terephthaloyl chlorides (176,
177). All copolymers exhibited nematic textures. LC behavior and transition temperatures

linkages, PDMS molecular weight and PDMS content of the copolymers.

ip
t

showed a strong dependence on the chemical structure (aliphatic or aromatic) of the ester

cr

Side-chain liquid crystalline, crosslinked PDMS-polyester elastomers were synthesized by
hydrosilylation reactions (178). DSC analyses clearly indicated the presence of microphase
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separation with a well-defined PDMS glass transition and the presence of an isotropic
transition temperature, which decreased with an increase in the mesomorphic crosslinking
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agent. Lightly crosslinked copolymers showed good elasticity and reversible phase transitions
on heating and cooling cycles, as indicated by optical microscopy and WAXD studies.

5.2.3. Silicone-amide copolymers

M

Thermal stability of the copolymers increased with crosslinking.

Similar to silicone-ureas and urethanes, silicone-amide segmented copolymers also display

d

interesting morphologies and thermal and mechanical properties. This is due tostrong

te

hydrogen bonding between amide hard segments and substantial differences between the
solubility parameters of PDMS and amide groups(179). Another advantage offered by the
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polyamides is their melt processibility (especially the aliphatic polyamides) due to their high
thermal stability, when compared with polyurethane or polyurea hard segments, which start to
degrade above 200 °C (180). However, very interestingly, in spite of the availability of a large
number of starting materials, when compared with PDMS-urea or urethane copolymers,
studies on the preparation and characterization of PDMS-amide segmented copolymers have
been fairly limited.

Akashi and co-workers investigated the synthesis and various properties of PDMS-aromatic
polyamide segmented copolymers extensively (181-190). Special emphasis was given to their
evaluation and performance as biomaterials (184, 186, 187). Copolymers were synthesizedby
low-temperature solution polycondensation using a two-step processshown in Figure 19(181,
184). First step involved the preparation of α,ω-dichloroformyl-terminated aramid oligomers
bythe reaction of isophthaloyl chloride and diaminodiphenyl. In the second step aramid
oligomers were reacted with aminopropyl terminated PDMS oligomers (1,700 g/mol) to form
33
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PDMS-amide segmented copolymers. Reactions were conducted in chloroform, at -15 °C in
the presence of triethylamine as a hydrogenchloride acceptor. The PDMS content of the
copolymers varied between 8 to 71% by weight. TEM studies clearly showed the formation of
multiphase morphologies which strongly depended on the copolymer composition.
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Copolymers containing 8 to 24% by weight PDMS displayed discrete spherical domains of
silicone (100-150 Å in size) in an aramid matrix. Copolymer containing 41% by weight
PDMS displayed a cylindrical morphology. Very interestingly, when the PDMS content

cr

increased to 71% by weight, morphology reverted back to spherical PDMS domains. This is
attributed to the polarity of the casting solvent, which was dimethylacetamide
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(DMAC).Surface characterization by XPS clearly showed the formation of silicone rich,
hydrophobic surfaces (181-183).In a separate study, PDMS-aromatic polyamide multiblock
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copolymers containing 26 to 75% by weight PDMS-1700were prepared(183). Films cast
from DMAC solution weretransparent, displayed composition dependent microphase
separated morphologies and elastomeric properties.Copolymerscontaining 53% by weight of

M

PDMS showed oxygen permeabilities similar to crosslinked silicone rubber.

d

Figure 19
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The preparation and characterization of PDMS-amide segmented copolymers containing
ferrocene groups was reported (191). Very high molecular weight copolymers with <Mn>
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values in 4.3x106 to 7.8x106 g/mol were prepared in solution using terephthaloyl or
isophthaloyl chlorides, aromatic diamine chain extenders and aminopropyl terminated PDMS
oligomer with and <Mn> value of 27,000 g/mol. DSC studies clearly showed formation of
microphase separated structures with well-defined Tg and Tm values for PDMS around -120
and -50 °C respectively and polyamide hard segment Tg values in 243-278 °C range
depending on their chemical structures. All copolymers displayed very high melting points
above 300 °C. TEM and AFM studies confirmed the formation of multiphase morphologies
(191).The same group also reported the synthesis of high molecular weight PDMS-polyamide
segmented copolymers which also contained trichlorogermyl pendant groups by using one-pot
solution polycondensation reactions (192). The copolymers obtained were characterized by
spectroscopic (FTIR and NMR) techniques, SEM and DSC analyses. All copolymers were
reported to display microphase separated morphologies as indicated by DSC results and TEM
analysis.
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PDMS-amide copolymers were prepared through the stoichiometric reactions of aminopropyl
terminated PDMS oligomers (1,000, 3,800 and 7,500 g/mol)and terephthaloyl chloride (193).
Copolymers were characterized by various NMR analyses and were reported to display
microphase morphologies with PDMS domain sizes in 10-50 nm range depending on the
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PDMS molecular weight and content in the copolymers.

Several groups also investigated the synthesis of PDMS-polyamide and PDMS-

cr

polyesteramide copolymers using candida antarctica lipase B, immobilized on a macroporous
acrylic resin (Novozym 435) as the catalyst (163, 164, 166). In one study aminopropyl
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terminated PDMS oligomers with <Mn> values of 1,000 and 4,700 g/mol were reacted with
DMT to produce PDMS-amide copolymers (163). In another study aminopropyl terminated
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PDMS-900 was reacted with diethyl adipate to form PDMS-amide copolymers (166).
Unfortunately, in both cases the copolymers obtained had fairly low molecular weights and
did not form strong films. This was most probably due to the absence of diamine chain

M

extenders in the reaction mixture which is needed to form long amide segments in order to
form strong self-supporting films. Enzymatic synthesis of PDMS-esteramide copolymers
were also reported through the solution reactions of aminopropyl terminated PDMS-1700,

d

diethyl adipate and various fluorinated alkanediols, which were used as chain extenders (165).
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These materials were also of low molecular weight, most probably due to solubility problems
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encountered during polymerization reactions in toluene.

PDMS-amide networks were prepared by the UV initiated free radical polymerization of
telechelic acrylamido and methacrylamido terminated PDMS oligomers with <Mn> values of
5000 to 55,000 g/mol (194, 195). Due to the extremely flexible PDMS matrix and substantial
differences in the solubility parameters of PDMS and amide groups, which are15.5, and 43.2
(J/cm3)1/2 respectively (179), these crosslinked polyamides showed microphase separation and
formed fairly strong films due to the strong hydrogen bonding between the amide hard
segments. FTIR was employed to investigate the temperature dependent hydrogen bonding in
these systems. Effect of PDMS molecularweight on the dynamic-mechanical behavior and
stress–strainproperties was investigated. Modulus of rubbery plateau obtained from DMA and
Young’s modulus were dependent on the PDMS molecular weight. The synthesis and
characterization of aliphatic and aromatic siloxane-amide copolymers with different
compositions were also discussed (196, 197).
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5.2.4. Silicone-imide copolymers
Silicone-imide copolymers have been extensively investigated since they combine the
excellent thermal and thermooxidativestability, solvent resistance, mechanicaland electrical
properties of high performance polyimides together with extremely high flexibility, good
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solubility, high gas permeability, reduced water absorption and interesting surface properties
of silicones.
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Voit and co-workers reported the preparation of linear and graft PDMS-imide copolymers
containing 10-30% by weight PDMS(198-204). Chemical structures of a linear and a graft
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PDMS-imide copolymer prepared by Voit (204) are provided on Figure 20. Strong copolymer
films with ultimate tensile strengths in the 26-60 MPa range were obtained by casting from
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dichloromethane solutions. DSC studies clearly indicated microphase separated copolymers
with PDMS melting endotherms around -45 °C and well defined polyimide Tg values in the
200-220 °C range. Copolymers were thermally stable up to 400 °C, as determined by

M

thermogravimetric analysis under nitrogen. Static water contact angle measurements showed
the formation of silicone rich copolymer surfaces with contact angles in 100-108° range
compared to 83° for the polyimide homopolymer. The same group also prepared segmented
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PDMS-imide copolymerscontaining fluorinated anthracene groups using one-pot solution
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imidization or thermal imidization methods. PDMS content was constant at 40% by
weight(200). The copolymers showed good solubility in polar organic solvents. Their water
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uptake after 72 hours of water immersion was almost negligible due to the presence of PDMS
and fluorinated anthracene in the copolymer backbone. Copolymers displayed good thermal
stability under nitrogen. Transparent thin films exhibitedultimate tensile strengths between 25
and 31 MPa and elongation at break values up to 110%.

Figure 20

PDMS-imide block and segmented copolymers were prepared using aminopropyl terminated
PDMS-900, 3,3’,4,4’-diphenylthioether dianhydride and 4,4’-oxydianyline, using a two step
reaction in N-methyl-2-pyrolidone (NMP) solution (205). The copolymers were characterized
by spectroscopic (FTIR, NMR), thermal (DSC, TGA), dynamic mechanical (DMA) methods,
polarized optical microscopy and tensile tests. All copolymers displayed two Tg values, one
around -100 °C and the other in 129-184 °C range depending on the chemical structure and
composition of the copolymers. All samples displayed excellent tensile properties with
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ultimate tensile strengths in 26 to 33 MPa range and elongation at break values of 120130%(205, 206).

PDMS-imide segmented and graft copolymers containing fluorinated imide hard
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segmentswere also investigated (198-204, 207-210).Copolymers were prepared from
aminopropyl terminated PDMS oligomers with <Mn> values 900, 1,680 and 4,600 g/mol(203,
211, 212). High molecular weight copolymersobtained displayed microphase separated
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morphologies based on the DSC studies and good thermal stability. Morphological behavior,
thermal, mechanical, dielectric and permeabilities of solution cast copolymer films were
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investigated. as organophilic pervaporation membranes. Copolymers synthesized using high
molecular weight PDMS showed reasonably good mechanical strength and showed improved
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flux and selectivity as membranes(212).

A series of pyridine-containing PDMS-imide segmented copolymers containing 5, 10 and
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15% by weight of PDMS (900, 1,680 and 4,600 g/mol) were prepared. Poly(amic acid)
formation reactions were carried out in solution, followed by thermal imidization of the
poly(amic acid) at 350 °C (213). Effects of the amount and the block length of PDMS on the
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thermal behavior, dielectric properties and surface electrical resistivityof the copolymers were
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investigated. When compared with conventional aromatic polyimides, the PDMS-imide
copolymers showed stronger adhesion to copper foils, lower moisture absorption and low
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dielectric constant, making them preferable for various microelectronic applications.

Linear and crosslinked silicone-containing liquid crystalline(LC) polyimides with different
substituents on the mesogenic units were prepared (214-218). Wide angle x-ray diffraction
WAXD experiments confirmed the formation of layered morphologies in these LC
polyimides with siloxane spacer units and their d-spacings. It was shown that chloro and
fluoro

substituents

were

effective

for

the

formation

of

LC

phases.

The

isotropizationtemperature was not affected but the crystal-LC transition temperatures were
significantly decreased by PDMS. Fluoro-substituted silicone-imidecopolymer exhibited the
lowest crystalline-LC transition temperature of 134 °C. It also showed a wide liquid crystal
temperature up to238 °C. The transition temperatures decreased with an increase in siloxane
spacer unit lengths. X-ray diffraction (XRD) measurements indicated formation of smectic A
and smectic C as high and low-temperature mesophases, respectively.Crosslinked versions of
silicone-imides were also shown to display liquid crystalline properties (218). Reports on
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various aspects of synthesis, characterization and structure-property behavior of other types of
silicone-imide copolymers are available (219-225).

5.2.5. Other types of silicone containing copolymers
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Due to the interesting combination of properties of PDMS, which include very low Tg and
excellent chain flexibility, low surface energy and hydrophobicity, good thermal and
oxidative stability, high gas permeability, biocompatibility and good dielectric properties and

cr

the availability of a wide range of reactive functionally terminated silicone oligomers,
researchers have tried to incorporate PDMS into the backbone of a large variety of organic
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polymers (3), some of which has already been discussed in the preceding sections. In this
section a general overview of the synthesis and properties of silicone containing copolymers

an

based on other organic backbones will be provided.

Copolymers based on PDMS and hydrophilic PEO segments are important surfactants that

M

find critical applications in polyurethane foam production, the cosmetics industry and as
wetting agents in agriculture. The synthesis and properties of silicone-polyether surfactants
are discussed in detail in literature (226-229). PDMS-PEO block and graft copolymers were
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prepared by hydrosilylation reactions of allyl terminated PEO and Si-H terminated PDMS
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oligomers(230, 231). TEM studies showed microphase separated morphologies in polymer
films. Surface tension of aqueous solutions increased with an increase in PEO content.
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PDMS-PEO copolymers were also prepared using metal-free click reactions(82). Products
displayed composition-depended amphiphilic properties. PDMS-PEO copolymers doped with
various metal ions or organic acids were characterized as polymeric electrolytes(232-234).
MetallosupramolecularA-B type diblock copolymers where PEO and PDMS linked together
by Ru(II) bis-terpyridine complex was reported (235). Well-defined micelles of the
amphiphilic supramolecular structures with a moderate polydispersity were observed in
aqueous medium by dynamic light scattering (DLS) and cryogenic TEM studies.Thermotropic
phase behaviors and microstructures of PDMS-PEO copolymers were studied in melt by
DSC, SAXS and optical microscopy. Three different microphase morphologies were observed
as a function of the block lengths and copolymer composition (236). PDMS-PEO copolymers
containing quaternary ammonium groups were shown to possess biocidal activity (237).
Hydrophobic drug carrying polymeric nanovesicles were also prepared from PDMS-PEO
copolymers by using THF/water mixtures. Vesicle size was controlled by copolymer
concentrations and THF/water ratio (238). PEO-PDMS-PEO triblock copolymers with
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different block lengths and compositions were prepared and used in the modification of
chitosan(239-241). PDMS-PEO graft copolymers were blended with PEO-amide segmented
copolymers at different concentrations and the resulting materials were evaluated as gas
separation membranes (242). A blend containing 50% by weight of PDMS-PEO copolymer
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showed 5 fold increase in CO2 permeability when compared with the unmodified PEO-amide
membrane.
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Copolymers of PDMS and engineering thermoplastics such as aromatic polyethersulfone
(PSF), aromatic polyethers, aromatic polycarbonate (PC) and others have also been studied.
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Chemical structures of PDMS-PSF and PDMS-PC copolymers are provided in Figure 21.
Chemical incorporation of PDMS into these polymers provide improved low temperature
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flexibility, enhanced gas permeability and silicone rich hydrophobic surfaces, which play
critical roles in various applications. PDMS-polysulfone segmented (243-248)and graft
(249)copolymers with a wide range of compositions were prepared by the reaction of α,ω-
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phenol terminated PSF oligomers withα,ω-chlorosilane (Si-Cl) orα,ω-hydrogensilane (Si-H)
terminated PDMS oligomers (244).High molecular weight copolymers displayed microphase
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separated morphologies, hydrophobic surfaces and improved thermal stabilities.
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Figure 21
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Segmented(250, 251) and graft or branched (252, 253) silicone-carbonate copolymers were
synthesized by various techniques, such as transesterification of polycarbonate (PC) and PCLPDMS-PCL copolymers (175), interfacial phosgenation of aminopropyl terminated PDMS
and bisphenol-A (251) or by the hydrosilylation of allyl functional PC and Si-H terminated
PDMS oligomers (252-254). PDMS-PC copolymers formedclear and highly transparent films,
similar to polycarbonate. All copolymers displayed multiphase morphologies and siliconerich hydrophobic surfaces. They also had higher impact strengths, especially at low
temperatures,when compared with PC homopolymer and improved thermo-oxidative stability
andoxygen-to-nitrogen permselectivity(252-254). Segmented PDMS-PC copolymers were
prepared through the reaction of preformed blocks (255). TEM and SAXS studies on solution
cast films showed phase separated morphologies, which was strongly dependent on the
solvent used (255).
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Preparation and characterization of silicone-aromatic polyether copolymers with good thermal
and hydrolytic stability(256), silicone-benzimidazoles with proton conductivity (257),
silicone-ferrocene

copolymers

with

interesting

rod-coil

structures

(258-260)

and

photochemical activity (261, 262)were reported. Silicone-azomethine copolymers with

ip
t

interesting physical, chemical and spectroscopic properties and their complexation behavior
with various metal ions were investigated (263-266).

cr

Silicone-acrylic block, segmented and graft copolymers and interpenetrating networks have
also been extensively investigated(267-289). In addition to basic studies on the composition

us

dependent structure-morphology-surface behavior(270, 274, 276, 281, 282, 284, 285, 290),
these materials were also investigated as protective coatings(271, 279, 287), adhesives (273,

an

277, 283), membranes (286, 288, 289)and biomaterials (268, 272).

5.3. Silicone modified epoxy networks

M

Organofunctionally terminated silicone oligomers and silicone containing copolymers such as
PCL-PDMS-PCL or polyether-PDMS-polyether are used as impact modifiers for epoxy,
novolac and bismaleimide resins(291-294). Due to its simple curing chemistry and wide range

d

of applications, most of the work has been carried out on epoxy resin toughening(292, 293,

te

295), which will mainly be discussed here.Reports on the modification of novolacresins (294,
296), bismaleimides (297, 298), various interpenetrating networks (299-301) and others (291)

Ac
ce
p

are also available.

It is well documented that in order to obtain optimum toughening in epoxy resins, the additive
should preferably be miscible with the resin before curing and microphase separate into
discrete domains during curing(302, 303). Although low molecular weight silicones (< 500
g/mol) are miscible (304), high molecular weight PDMS is quite immiscible with the epoxy
resins. In order to improve the compatibility, functionally terminated PDMS oligomers are
first reacted with theepoxy resin before adding the curing agent (295, 303, 305). When block
copolymers such as PCL-PDMS-PCL(292), polyether-PDMS(306, 307)or others (308312)are used as modifiers, organic segments acts as compatibilizers with the epoxy resin and
perform well as impact modifiers.Most of the reports available mainly discuss thecuring
kinetics and mechanism of epoxy network formation reactions in the presence of silicone
modifiers(295, 304, 310). The effect of the structure and molecular weight of the silicone
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modifier and the amount of additive on the morphology, thermal and mechanicalproperties,
impact strength and surface properties were also investigated.

Hydroxy terminated PDMS oligomers with molecular weights in 650-24,000 g/mol range

ip
t

were used as modifiers for epoxy resins (305). As expected modified networks displayed
microphase separated morphologies and silicone rich surfaces. Slight improvement in the
fracture energy was observed (305).Amine terminated PDMS with a molecular weight of

cr

1,600 g/mol was used as a curing agent and modifier for epoxy resins. Initially immiscible
mixtures resulted in microphase separated structures upon curing (295). Low molecular

us

weight amine terminated silicones were also used as a curing agent and modifier for epoxy
resins (304). Initial mixture and the cured networks were transparent and homogenous. Impact

an

strengths of the networks increased linearly with the amount of silicone additive (304).

Silicone containing block and segmented copolymers, which provide good miscibility with

M

the epoxy resin in the uncured state are more effective tougheners than PDMS oligomers,
where one of the favorites is the PCL-PDMS-PCLcopolymers(292, 313, 314). Initially
homogeneous modifier/epoxy mixtures lead to microphase separated morphologies upon

d

curing. Mechanical and thermal properties of the modified networks are strongly dependent

te

on the amount of silicone modifier incorporated. Surfaces of the modified networks are fairly
hydrophobic (313).PDMS-epoxy copolymers prepared by the reaction of epoxy resin and
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hydroxy terminated PDMS oligomers with molecular weights of 600 and 1,700 g/mol were
also used as impact modifiers for epoxy resins at concentrations of 5-20% by weight
(293).SEM studies showed microphase separated morphologies with fairly homogeneous
distribution of PDMS domains, which resulted in substantial improvement in the impact
strength. Polyhydroxyether-PDMS segmented copolymers were also used as tougheners for
epoxy resins at concentrations of 5-25% by weight (308). SEM, AFM and SAXS studies
clearly showed formation of microphase separated morphologies with PDMS domains around
50 nm (308). The fracture toughness (K1c) of the network increased from 1.70 to about 3.0
MN/m3/2as a function of PDMS content (308). Epoxy resins were also modified with PEOPDMS diblock copolymers. Initially miscible system containing 10-50% by weight PEO–
PDMS

copolymer

displayed

composition

dependent

microphase

separationupon

curing(307).Electron microscopy showed PDMS domains sizes in 10-20 nm, with the average
distance between the neighboring microdomainsbeing in 20-50 nm.
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6. Surface properties of silicone copolymers and their blends with other polymers
When compared with other polymeric materials, with the exception of highly fluorinated
systems, one of the most interesting phenomena displayed by polydimethylsiloxane
containing copolymers is their very low surface energies around20-22 mN/m. Silicone rich

ip
t

surfaces provide interesting properties to the copolymers, which include hydrophobicity,
water repellency, lubricity, reduced coefficient of friction, improved biocompatibility and
antifouling or foul release properties(3, 8, 86, 315). Surface chemical compositions of silicone

cr

containing block and segmented copolymers, based on polystyrene, polycarbonate,
polyamide, polyimide, polyurethane and others have been investigated using XPS, AFM,

us

SIMS and water contact angle measurements (270, 316-321). The extent of the surface
silicone coverage was shown to be strongly dependent on the copolymer composition, PDMS

an

segment length in the copolymers and method of sample preparation.

It was shown that when silicone copolymers are blended with other polymers in fairly small

M

amounts (0.1-5% by weight), blend surfaces are enriched in PDMS(112, 316, 322-326), while
the bulk properties of the base resin are unaffected. Surface enrichment was shown to be
dependent on the structure and composition of the base polymer and the silicone copolymer,

d

PDMS segment length, amount of silicone copolymer additive in blend, method of sample

te

preparation and annealing (3, 26, 27, 320). In order to obtain permanent surface modification
through blending, the organic segments in the silicone copolymer must provide strong
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“anchoring sites” with the base polymer through entanglements or intermolecular interactions,
such as van der Waals forces or hydrogen-bonding (3, 26, 27, 326).

Polypropylene (PP) and high density polyethylene (HDPE) were surface modified by
blending with small amounts (0.1 to 5.0% by weight) of PCL-PDMS-PCL or silicone-urea
segmented copolymers(25, 26). Blends were prepared in melt using a twin-screw extruder.
The influence of the type and amount of silicone copolymer on the processing behavior,
surface and bulk properties of the blends were investigated. Silicone copolymers acted as
efficient processing aids and increased the extruder outputby up to 200% depending on
additive structure and concentration as shown in Figure 22. Surface characterization by XPS
and water contact angle measurements clearly showed formation of silicone rich surfaces
even with very small amounts of additives, such as 0.1% by weight(26). Tribological
properties of silicone modified HDPE and PP surfaces were investigated by pin-on-ring type
measurements according to ASTM G 77 method. Silicone modified HDPE and PP surfaces
42
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displayed lower friction coefficients and higher abrasion resistance when compared with
virgin polyolefins. Extent of improvements depended on the structure, composition and
amount of the silicone additive in the system. Friction coefficients of virgin HDPE and HDPE
modified with 5% by weight of silicone copolymer were 0.32 and 0.24 respectively. Abrasion
resistance of HDPE, determined by the volume of the worn material, was dramatically

ip
t

reduced from 0.34 mm3 to 0.05 mm3 by incorporation of 5% by weight silicone
copolymer(25). Bulk properties, such as Tg, crystallinity and melting behavior or tensile

us

Figure 22

cr

properties were not affected(25).

an

Surface modification of polyamide-6 (PA6) was investigated by melt blending with siliconeurea copolymers and aminopropyl or glycidoxypropyl terminated PDMS oligomers (27).
Effect of the structure, composition, average molecular weight and amount of the silicone

M

additive and the influence of the thermal history on the surface properties were investigated.
The surfaces were characterized by static water contact angle measurements and XPS. Higher

d

molecular weight PDMS oligomers resulted in more effective surface modification. The type
of the oligomerend groups (amine or epoxy) did not have an effecton the surface properties.

te

Silicone-urea copolymer wasreported to be moreeffective as a surface modifier when
compared with silicone oligomers(27). Since PA6 isa semi-crystalline polymer, annealing at
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110 °C for 2 hours had a critical effect on the development of silicone rich surfaces as
observed by the dramatic increase in the contact angles as shown in Figure 23. No change was
observed in the water contact angle values obtained on silicone modified PA6 samples before
and after methylene chloride extraction (a good solvent for the silicone copolymer additive).
This clearly indicated that thesurface modification was permanent due to either the chemical
bond formation between PDMS oligomers and PA6 or very strong hydrogen bonding between
urea and amide groups.

Figure 23

Surface

modification

of

polycarbonate

with a polycarbonate–polydimethylsiloxane

copolymerwas investigated (327). Effect of the chemical composition, block sizeand casting
solvent on the surface and wear properties of the blend was determined by angle-dependent
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XPS, tapping mode AFM and mechanical testing. XPS results showed silicone enrichment on
the surface at bulk concentrations ofless than 1 weight percent of silicone copolymer, which
was a function of silicone block size and castingsolvent. The friction coefficient was
dependent on surface silicone concentration and the molecular weight ofsilicone segment in

ip
t

the copolymer (327).

Surface modification of PVC with PCL-PDMS-PCL copolymers has also been investigated

cr

(150, 328-330). Blends with different concentrations of silicone copolymers were generally
prepared by solution casting. The surface properties of the blends were investigated by FTIR,

us

XPS,SEM and contact anglemeasurements, which clearly indicated formation of PDMS rich
surfaces. In vitro experiments indicated improved biocompatibility of blends compared to

an

pure PVC (150).

7. Applications of silicone containing copolymers

M

Silicone-containing copolymers which combine unique properties of polydimethylsiloxane,
such as excellent low temperature flexibility, high gas permeability, low surface energy and
biocompatibility with the mechanical strength of organic blocks offer broad range of possible

d

applications. As already discussed, the most important commercial application of silicone-

te

polyether copolymers is as surfactants in polyurethane foam formulations, personal care
products and wetting and spreading agents in agriculture (226, 229). Silicone-urea copolymers
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are also offered commercially as general purpose elastomers for various applications (331).
One of the most promising applications of silicone-urethane copolymers as biomaterials is
their long-term use as artificial blood vessels, catheters or other implants (8, 87). Another very
promising applicationof crosslinked silicone-urethane polymers is as non-fouling or foulrelease marine coatings (86, 146, 332-335). Silicone copolymers are also utilized as surface
modifying additives in polymer blends to provide improved processibility, water repellency
and reduced friction (25-27). Due to their very high gas permeabilities, combined with the
selectivity provided by the organic segments,silicone copolymers are also evaluated as gas
separation membranes (202, 212).

8. Conclusions
Silicone polymer chemistry provides almost endlessopportunities forthe preparation of a wide
range of block or segmented silicone-organic copolymers with interesting combinations of
bulk and surfaceproperties such as; glass transition temperatures as low as -120 °Cand very
44
Page 44 of 79

flexible backbone, good thermal and oxidative stability, high gas permeability, excellent
dielectric properties, hydrophobic low energy surfaces with excellent water repellency,
physiological inertness and biocompatibility. Although polydimethylsiloxane is the most
widely used backbone, possibility of attaching a variety of inert or reactive substituents (R) on

ip
t

the tetravalent silicon atom in the siloxane (−R2Si−O−) backbone, together with the ease of
reactive oligomer preparation through acid or base catalyzed equilibration reactionsalso
playcritical roles that make silicones attractive intermediates in polymer synthesis.Very low

cr

solubility parameter of polydimethylsiloxane,around 15.5 (J/cm3)1/2allows the synthesis of

us

block and segmented copolymerswith interesting structure-morphology-property behavior.

Another advantage offered by silicone polymer chemistry is the possibility of using different
techniques

for

copolymer

synthesis,

which

includes

step-growth

an

polymerization

(condensation or addition), chain growth (free radical, ATRP and anionic) and ring-opening
polymerization methods. Cyclic silicone monomers, reactive intermediates and functionally

M

terminated oligomers are commercially available from various sources, which is critical for
the synthetic polymer chemists. Flexible silicone polymer chemistry offers unique advantages
for the preparation of a wide range of tailor-designed copolymers with interesting

d

combinations ofproperties, which make them useful for applications, such as biomaterials,

Ac
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p

te

foul release coatings and gas separation membranes.
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Figure 1.

General structure of silicone or siloxane polymer backbone.

Figure 2.

Most stable conformations of (a) hexahydrogensiloxane, (b) dimethyl ether, and
(c) hexamethyldisiloxane determined by quantum mechanical calculations.
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Figure 3.

Chemical structures of some important silicone polymer backbones with non-reactive
substituents: (a) dimethylsiloxane, (b) methylphenylsiloxane, (c) diphenylsiloxane, (d)
3,3,3-trifluoropropylmethylsiloxane.

Figure 4.

Chemical structures of some important silicone polymer backbones with

ip
t

chemically reactive substituents: (a) methylvinylsiloxane, (b)
methylhydrogensiloxane, (c) methylglycidoxypropylsiloxane, (d)
methylaminosiloxane.

Preparation of monofunctional PDMS oligomers through anionic

cr

Figure 5.

polymerization.

General structures of α,ω-difunctionally terminated “telechelic” siloxane

us

Figure 6.

oligomers. (a) Si-X terminated oligomers, (b) Si-R-X terminated oligomers.
Preparation of telechelic (Si–R–X) terminated silicone oligomers by

an

Figure 7.

hydrosilylation reactions.
Figure 8.

Preparation of telechelic silicone oligomers through equilibration reactions (x=3-

Figure 9.

M

5).

Chemical structures of (a) polycaprolactone-b-PDMS (PCL-PDMS-PCL) and (b)
poly(2-ethyloxazoline)-b-PDMS (POX-PDMS-POX) triblock copolymers.
Synthesis of poly(γ-benzyl-L-glutamate)-PDMS-poly(γ-benzyl-L-glutamate)

d

Figure 10.

te

(PBLG-PDMS-PBLG) triblock copolymers by the ring-opening polymerization
ofγ-benzyl-L-glutamate-N-carboxyanhydride using α,ω-aminopropyl terminated

Ac
ce
p

PDMS oligomers as macroinitiators(53).

Figure 11.

Preparation of polystyrene-b-polydimethylsiloxanetriblock copolymers (PS-

PDMS-PS) by ATRP polymerization (68).

Figure 12.

Preparation of polydiphenylsiloxane-b-polydimethylsiloxanetriblock copolymers

(PDPD-PDMS-PDPS) through Pt catalyzed hydrosilylation reactions of vinyl
terminated PDPS macromonomers and α,ω-siliconehydride terminated PDMS
oligomers (35, 39).

Figure 13.

Loss of end-group functionality due to back biting reactions in hydroxybutyl

terminated PDMS oligomers (90).
Figure 14.

Reaction scheme for the preparation of silicone-urethane copolymers by twostep polymerization usually termed as the “prepolymer method”.

Figure 15.

Modulus-temperature and tan δ-temperature curves for silicone-urea copolymer
based on PDMS-7000 with a hard segment content of 18% by weight(89).
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Copyright 2003. Reproduced with permission from Elsevier Science Ltd.
Oxford, UK.
Figure 16.

Dependence of ultimate tensile strengths of silicone–ureacopolymers as a
function of urea hard segmentcontent PDMS

ip
t

segmentlengthanddiaminechainextender. (●) PDMS-2500-E, (□) PDMS-2500-D,
and (∆) PDMS-3200-D (E: Ethylene diamine, D: 2-methyl-1,5-diaminopentane)
(89). Copyright 2003. Reproduced with permission from Elsevier Science Ltd.

Figure 17.

cr

Oxford, UK.

TEM micrograph of PDMS-PPO-urea polymer. PDMS phases appear as dark in

us

the micrograph (131). Copyright 2001.Reproduced withpermission from Taylor
and Francis, London, UK.

(A) SEM image, (B) Si map of SEM image and (C) tapping mode topographical

an

Figure 18.

AFM image of PDMS-PCL-urethane coating containing 37% by weight PCLPDMS-PCL copolymer (10% by weight PDMS) (108). Copyright 2005.

M

Reproduced with permission from American Chemical Society, Washington DC,
USA.
Figure 19.

Reaction scheme for the preparation of PDMS-aramid segmented copolymers by

Chemical structures of a linear and a graft PDMS-imide copolymer prepared by
Voit(204).

Chemical structures of (a) PDMS-polyethersulfone (PDMS-PSF) and (b) PDMS-
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p

Figure 21.

te

Figure 20.

d

a two-step, solution polycondensation method (180).

aromatic polycarbonate (PDMS-PC) segmented copolymers.

Figure 22.

Extruder output as a function of the type and amount of silicone copolymer
additive in PP blends. (o) PCL-PDMS-PCL, (•) PDMS-PU additive (26).
Copyright 2002. Reproduced with permission from Elsevier Science Ltd.
Oxford, UK.

Figure 23.

Influence of annealing on the surface hydrophobicity of polyamide-6 modified
with a silicone-urea copolymer. Change in water contact angles as a function of
the amount of silicone copolymer in the blend before (□) and after (■) annealing

at 110 °C for 2 hours (27). Copyright 2003. Reproduced with permission from
Elsevier Science Ltd. Oxford, UK.
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Diphenylsiloxanecontent
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Table 1. Glass transition temperatures of random poly(dimethyl-diphenylsiloxane)
copolymers (3, 10)
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Table 2. Chemical structures of reactive end groups and hydrocarbon bridges on
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(Si–R–X) terminated telechelic silicone oligomers
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Chemical structures of typical hydrocarbon bridges (R)
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X= 1 - 6 ; y= 1- 3
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