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1 Introduction

1 Introduction
Monolithic materials such as metals, ceramic materials or polymeric materials have been
used since the beginning of human civilization, due to their wide range of application and
simple fabrication. Nevertheless, since the industrial revolution great efforts have been
made in the development of new techniques to process and fabricate materials. These
new techniques allowed the preparation of materials that consist of a reinforcement, which
is embedded in or bonded to a matrix at a macro- and microscopic level with distinct
interfaces or boundaries between them. Such materials are termed as composites and
have been used in the field of engineering and technology over a broad range of
applications such as aeronautical, automotive, aircraft appliances or sports equipment
such as shoes, rackets and golf clubs.[1-4]

Figure 1. Market percentage of glass fiber composites in different applications. Reprinted
with permission from ref. [1]. Copyright © 2017 Taylor & Francis.
Composites combine the material properties of both the reinforcement (e.g. glass-fiber,
carbon-fiber, Kenaf fiber) and the matrix (e.g. polyester, polyepoxide, polyurethane) to
optimize and improve the overall material properties due to synergistic effects. In addition,
glass-fiber composites aroused great attention in the last decades in various fields, as
displayed in Figure 1, because of their superior mechanical properties. The mechanical
properties of glass fiber composites are mainly governed by three facts: I) Intrinsic
mechanical properties of the glass-fiber and polymer matrix. II) Dispersion of the glassfiber within the polymeric matrix. III) Interfacial adhesion between the glass-fiber and
polymer matrix. A lack of strong interfacial adhesion between the glass-fiber and polymer
matrix can tremendously compromise the reinforcement effect of the glass fiber. Due to
this fact, a strong interfacial adhesion between glass-fiber and polymer matrix is crucial to
afford a composite material with superior mechanical properties. [5] To maximize
1
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interfacial interactions between glass fibers and matrix it is important to consider the
chemical nature of the glass fiber surface as well as the chemical nature of the used
polymer matrix. Thus, the surface of the glass fiber must be modified in respect to the used
polymer matrix. A commonly employed technique to enhance the interfacial adhesion and
compatibility of the constituent materials are glass fiber surface modifications by using
coatings. [6, 7] Typically, such surface modifications are accomplished by using low
molecular weight silane coupling agents (silylation), in which the polar functionalities of the
coupling agent act as “molecular bridges” at the interface between reinforcement and
polymer matrix. [8] A more sophisticated approach employs polymeric precursors as
adhesives, which enables the preparation of more complex interphase microstructures
such as gradient microstructures. Feller et. al. [9] used silane modified polypropylene (PP)
copolymers as polymeric adhesives in order to improve the mechanical properties of glass
fiber/PP composite materials, due to chemical attachment of the silane functionalities to
the glass fibers and interpenetration of the dangling PP chains into the PP matrix. In
contrast to Feller’s approach, Trey and co-workers [10] employed

thiol-ene “click”

chemistry to develop a novel UV-curable thermoset matrix. Similar to this, Kuttner et. al.
[11] developed a UV-light induced photopolymerization by using sulfhydrated glass fibers
and subsequent surface-induced photopolymerization of vinyl-based monomers. This
approach was further extended to the fabrication diblock copolymers on the glass fiber
surfaces, giving rise to more complex interphase architectures. [12] According to the
investigations of Kuttner and co-workers, the interfacial adhesion was mainly governed by
the chain

density of the grafted copolymers

at the glass fiber/polyepoxide

interface/interphase. Oréfice et. al. [13] demonstrated that chemically grafted
hyperbranched polymer-siloxane structures can greatly improve the interfacial toughness
of glass/polymer composites. In general, the interfacial toughening is achieved by a
sufficient stress transfer from the polymer matrix to the fiber. For this reason, a rather “soft”
interphase is desirable in order to ensure an efficient stress transfer.

1.1 Biologically inspired composite materials
Glass fiber composite materials are characterized by a high stiffness and high strength
with the downsides having rather poor fracture and low impact energy absorption
characteristics. Due to these downsides, the utilization of glass fiber composites in such
applications, which require these material characteristics, are rather limited. Many
materials that can be found in nature are composite materials. These naturally occurring
composite materials are characterized a high stiffness and high strength without having
2
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the same downsides as glass fiber-based composites. Natural fiber composites such as
antler or bone show high toughness due to a unique interface design, fiber orientation
pattern as well as hierarchal structuring. [14-16] Another fiber composite material
encountered in nature are plant cell walls, in which stiff millimeter wide cellulose fibers are
embedded in a soft polymer matrix. [17-19] The mechanical performance of plant cell walls
is greatly affected by the design of the cellulose/polymer matrix interphase. [20] Herein,
the structural composition of the glass/polymer matrix interphase is inspired by the tendonto-bone insertion site. The tendon-to-bone insertion site connects two highly ordered
hierarchical tissues with different biomechanical properties through a millimeter-wide area
(insertion). The macroscopic morphology and microscopic composition of the tendon-tobone insertion site are illustrated in Figure 2.

Figure 2. Morphology of the tendon-to-bone insertion as well as schematic representation
of the microscopic structure of “soft” tissue (collagen), “hard” tissue (bone) and the tendonto-bone insertion (top). Relative concentration of mineral along the tendon-to-bone
insertion site (bottom). Reprnted with permission from ref. [21]. Copyright © 2009 Elsevier.
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The linear gradual composition of the interphase between the tendon and the bone results
in changes in the mechanical properties along the insertion site. This design principle of
connecting a “soft” tissue (tendon) with a “hard” tissue (bone) via a graded functional area
results in a minimized stress concentration along the insertion site and effective dissipation
of mechanical stress. [21-23] To mimic the tendon-to-bone insertion site so-called hybrid
inorganic/organic copolymers with a gradient-like composition are employed. Hybrid
inorganic/organic gradient copolymers are composed of "hard" inorganic segments and
"soft" organic segments similar to the composition of the tendon-to-bone insertion site with
"hard" bone tissue segments and "soft" tendon tissue segments. These hybrid
inorganic/organic copolymers with gradient-like composition are chemically attached to the
glass surface as well as polymer matrix and thus, increase the interfacial adhesion
between the glass-fiber and polymer matrix. The gradient-like composition mimics the
gradual composition of the bone-tendon interphase, owing to minimize the stress
concentration at the glass-fiber polymer matrix interphase. Due to previously published
reports, in which the introduction of a polymer-based interphase results in an increase of
the interfacial adhesion between both phases, it is believed to afford glass fiber composite
materials with improved mechanical properties.

1.2 Hybrid inorganic/organic copolymers as precursors for functional
materials
Hybrid inorganic/organic materials attracted considerable attention since the last century,
due to their versatility and their potential application in the field of biomedicine and material
science. [22, 23] One the most commonly used hybrid inorganic/organic materials are
silicon-based materials. These materials are composed of inorganic silicon-based
precursors such as tetraethyl orthosilicate (TEOS) or acrylic derivatives from this species
and organic precursors such as 2-hydroxyethyl methacrylate (HEMA). Due to the
advances in polymer synthesis, so-called hybrid silicon-based inorganic/organic
copolymers with sol-gel active Si–OR moieties and well-defined microstructures have
become promising polymeric precursors for functional hybrid materials. These hybrid
inorganic/organic copolymers are composed of inorganic silicon-based (meth)acrylic or
(meth)acrylamidic

monomers

with

gelable

Si–OR

moieties

such

as

3-

(trimethoxysilyl)propyl methacrylate (TMSPMA) and organic functional monomers such as
stearyl methacrylate (SMA) or N-isopropylacrylamide (NIPAM), as illustrated in Figure 3.
Since the arising of hybrid silicon-based inorganic/organic copolymers with sol-gel active
4
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Si-OR, tremendous efforts were made to synthesize such copolymers with block and
statistical microstructures in order to afford chemical and mechanical stable (nano)objects,
(nano)materials and coatings with tailor-made properties and characteristics. [24, 25] The
materials characteristics and properties are mainly governed by three factors: I) The
chemical nature of both the inorganic and organic monomer. II) The chemical composition
of the precursor polymer (e.g. block, gradient). III) The precursor processing.

Figure 3. Overview of hybrid inorganic/organic copolymers for the preparation of functional
materials. Reprinted with permission from ref. [24]. Copyright © 2018 WILEY-VCH Verlag
GmbH & Co. KGaA.
Since the sol-gel process is a well-established and well-understood process, the finding of
new hybrid materials with unique properties and characteristics is highly dependent on the
used precursor. Owing to fabricate new materials with unique characteristics, it is desirable
to use polymeric precursors with more sophisticated structures such as gradient or block
5
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copolymer precursors. Thus, this chapter focuses on the synthesis of such hybrid
inorganic/organic block copolymers as well as statistical/gradient copolymers.

1.2.1 Hybrid inorganic/organic block copolymers
1.2.1.1 Common hydrophobic monomers for self-assembly in bulk and in solution
Common hydrophobic monomers such as styrene (St), tert-butyl acrylate (tBA), methyl
methacrylate (MMA) or benzyl methacrylate (BzMA) can be used in combination with a
silane-based block to form self-assembled structures in bulk and in solution (organic
solvents) due to the incompatibility of the blocks. NMP was used by the group of Beyou
for the synthesis of 3-(triethoxysilyl) propyl acrylate (TESPA) and styrene based linear
diblock

copolymers

PTESPA91-b-PS34,88,175,317,

PTESPA130,224,290,336, [27]

and

triblock

[26]

copolymers

PTESPA113-b-PS489,

PS272-b-

PTESPA 113-b-PS82,158,330,489-b-

PTESPA82-120, [28] and PS272-b-PTESPA130,224,290,336-b-PS260-293. [29] All copolymers were
synthesized in a stepwise procedure. Diblock copolymers PTESPA 91-b-PS34,88,175,317 were
synthesized by polymerization of TESPA in bulk at 115 °C with an alkoxyamine initiator
styryl-N-tert-butyl-1-diethylphosphono-2,2-dimethylpropyl

nitroxide

(styryl-DEPN),

followed by polymerization of styrene from the macroinitiator in toluene at 115 °C; while
triblock

copolymers

PS-b-PTESPA-b-PS

were

synthesized

from

a

PS-DEPN

macroinitiator. Similar copolymers, PTESPMA-b-PS, based on 3-(triethoxysilyl) propyl
methacrylate (TESPMA) instead of TESPA and with a PS block of higher molecular weight
(DP up to 1150) had been previously synthesized by the group of Chen. They reported the
synthesis

of

PTESPMA88-b-PS408,

PTESPMA78-b-PS348,

PTESPMA71-b-PS780,

PTESPMA66-b-PS758, PTESPMA46-b-PS1009, PTESPMA46-b-PS1669 and PTESPMA38-bPS187-1150 [30] and with PTESPMA blocks of even higher molecular weights (PTESPMA 38Kb-PS65,93,152 and PTESPMA48K-b-PS42,111) via RAFT polymerizations mediated by cumyl
dithiobenzoate (CDB).The diblock copolymers were obtained by sequential polymerization
in bulk of TESPMA at 60 °C, followed by styrene at 90 °C. More refined architectures
based on styrene and a silicon-based monomer (3-(trimethoxysilyl) propyl methacrylate,
TMSPMA) could be obtained by ATRP. Indeed, Lin and co-workers used β-cyclodextrin
modified with 21 bromo moieties (21-Br β-CD) as initiator to prepare star-like β-CD(PTMSPMA)21 or β-CD-(PS43-b-PTMSPMA84)21 and β-CD-(PS59-b-PTMSPMA3,6,15,80)21
copolymers with 21 branches and a molar mass up to 346.1 kDa. [31] Well-defined
copolymers with dispersities ranging from 1.10 to 1.36 were obtained by the sequential
polymerization of the monomers using CuBr/N,N,N',N'',N''-pentamethyldiethylenetriamine
(PMDETA)-mediated ATRP. Anionic polymerization was used by Park et. al. for the
6
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synthesis of linear diblock copolymers based on styrene and an isocyanate gellable
monomer, poly(styrene)-b-poly[3-(triethoxysilyl) propylisocyanate] (PS-b-PTEIC), via
sequential anionic polymerization in THF at –78 °C by employing n-butyl lithium (nBuLi)
as base (Mw/Mn ≈1.2, Mn of PTEIC of 23 kDa, Mn of PS 39 or 200 kDa. [32-34] PS-b-PTEIC
consists of a flexible PS coil and a rigid rod-like helical PTEIC block, thus presenting a
supplementary degree of ordering compared to other diblock copolymers, which can be
useful in self-assembly.
Copolymers of monomers with sol-gel active substituents and methyl methacrylate (MMA)
were synthesized by GTP, ATRP and RAFT. The group of Mellon prepared PMMA-bPTMSPMA using 2-cyanoprop2-yl dithiobenzoate (CDPB)-mediated RAFT polymerization
of TMSPMA and MMA in 1,4-dioxane (60-80 °C) that led to high conversions (90%). [35]
The block copolymers were obtained either by a one pot procedure or in a two-step
reaction by first isolating PMMA and using it as macroinitiator. More recently, Georgiou et.
al. prepared TMSPMA and MMA based linear diblock copolymers in a one-pot synthesis,
via GTP in THF at 20 °C using 1-methoxy-1-(trimethylsiloxy)-2-methyl propene (MTS) as
initiator. They obtained copolymers with low degree of polymerization (≈20 for each block)
and low dispersity of 1.05, as can be expected from this polymerization method. [36]
Finally, Gao et. al. reported the synthesis of PMMA-b-PTMSPMA copolymers of higher
molar mass (Mn ≈39 kDa) from either ethyl 2-bromoisobutyrate (EBiB) or a fluorinated
initiator by two sequential CuCl/PMDETA mediated ATRP in cyclohexanone: first MMA
was polymerized at 90 °C, followed by TMSPMA at 110 °C. [37] Fukuda. et. al. reported
the synthesis of PMMA-b-P(MMA-r-TMSPMA) in a one-pot ATRP polymerization. First the
polymerization of MMA was initiated by ethyl 2-bromoisobutyrate (EBiB) in toluene at 70
°C in presence of CuCl and sparteine. After 24 h, TMSPMA was added to the mixture of
PMMA-Cl and residual MMA to afford the desired copolymer. [38]
The group of Liu synthesized linear diblock copolymers containing tert-butyl acrylate (tBA)
and a sol-gel active monomer. Poly[3-(triisopropyloxysilyl)propyl methacrylate]-b-poly(tertbutyl acrylate) (PIPSPMA10-b-PtBA70) was obtained via anionic polymerization in THF at
–78 °C by employing sec-butyl lithium as base. [39, 40] Li et. al. synthesized hybrid di- and
triblock copolymers composed of styrene, TMSPMA and tert-butyl acrylate (tBA) of higher
molecular weight in bulk via 2-cyano-2-propyl dithiobenzoate (CPDB)-mediated RAFT.
[41] PS205-b-P(tBA45-352-co-TMSPMA4-56) and PS99-b-P(tBA64,106-co-TMSPMA23,24)-b-PS99
were obtained with low dispersities (1.09-1.33) and after deprotection of the tert-butyl
groups, these hybrid copolymers were used to prepare surfactant-mimicking structures.

7
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Thickett et. al. [42, 43] reported the PISA of benzyl methacrylate (BzMA)-based diblock
copolymers via RAFT starting from alkoxysilane functional methacrylic macroRAFT
agents, as depicted in Scheme 1.

Scheme 1. Schematic presentation of the PISA process by using solvophilic block
segments composed of TMSPMA and IPSMA and followed chain extension of BzMA in
etnanol as the solvophobic block. Reprinted with permission from ref. [43]. Copyright ©
2016 The Royal Society of Chemistry.
Structures such as vesicles and spheres based on PTMSPMA-b-PBzMA or a diblock
containing a more stable monomer with sol-gel active substituent, namely 3(triisopropoxysilyl)propyl methacrylate (IPSPMA), PIPSPMA-b-PBzMA, were obtained.
Two chain transfer agents (CTA) were tested for the homopolymerization of TMSPMA and
IPSPMA for targeted DP of 40 and 65: 4-cyanopentanoic acid dithiobenzoate (CPADB)
and 4-cyano-4- [(dodecylsulfanylthiocarbonyl) sulfanyl] pentanoic acid (CDTSPA). [43]
The trithiocarbonate-mediated RAFT homopolymerization of TMSPMA or IPSPMA yielded
polymers with lower dispersities of 1.20-2.36 compared to the dithiobenzoate-mediated
RAFT polymerizations (1.23-11.30). The authors explained it by intermolecular
crosslinking of the sol-gel active moiety during the polymerization, which might be greatly
influenced by the nature of the CTA chain end. They further extended this approach to the
preparation of triblock, in which the solvophilic block segment was composed of PEGMA
and TMSPMA. [44]

1.2.1.2 Monomers with long alkyl chains for polymer brushes
Stearyl methacrylate (SMA) and n-hexylisocyanate (HIC) are interesting monomers as
they can form "brush-type" polymers, given their pendant long alkyl chain, especially the
former. Linear as well as star-shaped block copolymers of stearyl methacrylate-based
monomers with sol-gel active substituents were synthesized by ATRP or RAFT. These
copolymers can form interesting self-assembled structures in solution [45, 46] as well as
in bulk,[47] given the brush-like structure of the SMA block. Wang et. al. reported the
preparation of relatively low molecular weight linear diblock copolymers based on SMA
8
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and TMSPMA in anisole at 90 °C by CuCl/2,2'-bipyridine (bpy) mediated ATRP. [45] It
afforded a PSMA25-b-PTMSPMA3 copolymer with low dispersity of 1.14. In a previous
publication they reported a triblock copolymer PTMSPMA 15-b-PSMA32-Fc-PSMA32-bPTMSPMA15 which had been initiated from chloroacetylferrocene (Fc) with a similar
polymerization procedure. [48] In a following publication, the same authors reported the
synthesis of star block copolymers, S-(PSMA128-b-PS9,56)4 starting from a tetrafunctional
initiator, pentaerythritol tetrakis(2-bromoisobutyrate). [46] The obtained star-shaped
copolymers had higher dispersities compared to the linear ones, namely dispersities
ranging from 1.76 to 1.79 but molar masses of up to 58.0 kDa. Finally, the group of
Benicewicz

prepared

poly[3-(triethoxysilyl)

propyl

methacrylate]-b-poly(stearyl

methacrylate) (PTESPMA666-b-PSMA553) of very high molecular weight in DMF at 60 °C
by employing CPDB-mediated RAFT polymerization. [47] Poly(n-hexylisocyanate)-bpoly[3-(trimethoxysilyl) propyl methacrylate] (PHIC125-b-PTMSPMA6,12) were synthesized
by Park et. al. by a combination of living anionic polymerization and ATRP. [49] As
previously mentioned anionic polymerization of substituted isocyanates leads to a rod-like
organic block that can be combined with a sol-gel reactive block. In this publication, HIC
was polymerized with sodium bisphenylamide in THF at –98 °C and end-capped with 2bromoisobutanoyl bromide. This allowed to initiate the ATRP of TMSPMA in presence of
CuBr/PMDETA in toluene at 35 °C.

1.2.1.3 Perfluorinated monomers for superhydrophobicity
Fluorine-containing monomers such as hexafluorobutyl methacrylate (HFMA), 2(perfluorohexyl) ethyl acrylate (FHEA) or 2-(perfluorooctyl)ethyl methacrylate (FOEMA),
and

polymers

such

as

poly(perfluoropropylene

oxide)

(PFPO)

or

even

poly(dimethylsiloxane) (PDMS) can be used for superhydrophobic coatings. In these
cases, one has to use appropriate solvents to carry out the polymerization otherwise
solubility issues could be encountered due to the presence of fluorine-containing
monomers and polymers. The group of Liu synthesized various diblock copolymers
containing 3-(triisopropyloxysilyl)propyl methacrylate (IPSPMA) as sol-gel active monomer
and

various

fluorinated

organic

monomers.

Namely,

they

obtained

poly[3-

(triisopropyloxysilyl) propyl methacrylate]-b-poly[2-(perfluorooctyl) ethyl methacrylate]
(PIPSPMA10-b-PFOEMA10) via anionic polymerization of the monomers in THF at –78 °C.
The polymerization was carried out in one-pot by sequential addition of IPSPMA and
FOEMA after initiating the system with diphenylethene and sec-butyl lithium. [50] With a
less stringent polymerization procedure, namely ATRP, the same authors extended this
9
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polymer library to PIPSPMA-b-PFOEMA with higher DP (PIPSPMA 13-b-PFOEMA30 and
PIPSPMA18-b-PFOEMA22 [51] and PIPSPMA12-b-PFOEMA30, PIPSPMA15-b-PFOEMA31
and PIPSPMA19-b-PFOEMA23[52]) but still low dispersities of 1.10-1.14. In this case,
PIPSPMA-b-PFOEMA was synthesized by ATRP of IPSPMA from EBiB in the presence
of CuCl/bpy and CuBr2 in trifluorotoluene at 80 °C, followed by polymerization of FOEMA
from the preformed PIPSPMA-Cl macroinitiator under similar conditions. [51, 52] In
addition,

they

synthesized

poly[2-(perfluorohexyl)ethyl

acrylate]-b-poly[3-

(triisopropoxysilyl)propyl methacrylate] (PFHEA 21-b-PIPSMA15), using CuBr/PMDETAmediated ATRP in trifluorotoluene at 80 °C for the synthesis of the PFEMA macroinitiator,
followed by ATRP of IPSPMA using the same conditions but bpy as ligand instead of
PMDETA. [53] PFHEA21-b-PIPSPMA15 was obtained with dispersity of 1.61. Liu et. al. also
synthesized block copolymers of PIPSPMA with a poly(perfluoropropylene oxide) block
(PFPO), PIPSPMA7-b-PFPO14. [51] PIPSPMA7-b-PFPO was synthesized from a
commercial poly(perfluoropropylene oxide) modified with 2-hydroxyethyl 2-bromo-2methylpropanoate to afford PFPO-Cl. This macroinitiator was then used for the
polymerization of IPSPMA via ATRP with CuCl/bpy in a TFT/methoxy perfluorobutane
mixture at 80 °C. [51] Other authors, Liu et. al., used CuBr2/bpy mediated ATRP in
presence of Cu0 in butanone at 90 °C to afford superhydrophobic poly(2,2,3,4,4,4hexafluorobutyl methacrylate)-b-poly[3-(trimethoxysilyl) propyl methacrylate] (PHFMA-bPTMSPMA) with various HFMA/TMSPMA ratio of ≈ 95:5, 90:10, 80:20. [54] It should also
be mentioned that superhydrophobicity can also be achieved with silicon-based polymers
such as commercial poly(dimethylsiloxane) (PDMS). For instance PDMS 76-b-PIPSPMA10
was synthesized by the group of Liu to produce superhydrophobic fabrics. [55] ATRP of
IPSPMA in presence of CuCl/bpy and CuBr2 from a PDMS-Br macroinitiator in
trifluorotoluene at 80 °C afforded a block copolymer PDMS 76-b-PIPSPMA10 with low
dispersity <1.1. Jen and co-workers synthesized linear triblock copolymers composed of
2,7-(9,9-di-n-hexylfluorene) (HF), PEGMA and TMSPMA to prepare rod-coil block
copolymer brushes in solution. For this reason, they chain extended a HF based
macroinitiator via CuBr/HMTETA mediated ATRP in anisole at 80 °C to afford PHF-bPPEGMA44,92-b-PTMSPMA16,11 copolymers with molar masses of 13.2–18.6 kDa and
dispersities of 1.32–1.52. [56]

1.2.1.4 Conjugated monomers for light emitting materials
The combination of fluorescent monomers with silane-based monomers can be used for
the preparation of robust light emitting materials at the nanoscale. Liu and co-workers
10
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synthesized PF-b-PTMSPMA copolymers by ATRP of TMSPMA with CuBr/1,1,4,7,10,10hexamethyltriethylenetetramine (HMTETA) in o-dichlorobenzene at 90 °C using a
polyfluorene (PF) macroinitiator with two pendant C 8H17 alkyl chains. [57] The PF
macroinitiator had been synthesized using a Suzuki coupling of 9,9-dioctyl-2-bromo-74,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl fluorene. The block copolymerization afforded
linear diblock copolymers PF5K-b-PTMSPMA1.2,3.3,8.7

kDa

with reasonable dispersities

ranging from 1.16 to 1.80 and molar masses up to 20 kDa.

1.2.1.5 Monomers/polymers based on ethylene oxide motif for self-assembly
Hydrophilic organic block based on ethylene oxide motif such as poly(ethylene oxide) or
oligoethylene oxide-based (meth)acrylates are usually used for biomedical applications to
confer biocompatibility to (nano)materials or limit protein adsorption. Most of these
copolymers have so far been synthesized via ATRP, which involves the use of copper
complexes as catalyst. However, in biomedicine, the presence of copper is unwanted due
to its inherent toxicity. Therefore, it seems more relevant to synthesize ethylene oxide
motif-based copolymers for this kind of applications via RAFT, which does not involve a
transition-metal catalyst. The group of Chen synthesized a series of linear amphiphilic
diblock poly(ethylene oxide)-b-poly[3-(trimethoxysilyl) propyl methacrylate] (PEO-bPTMSPMA) copolymers by employing CuBr/PMDETA mediated ATRP of TMSPMA in
anisole at 50, 70 or 90 °C from various PEO-Br macroinitiators: PEO17-b-PTMSPMA200,
PEO45-b-PTMSPMA29,42,49,54,59,180 or PEO113-b-PTMSPMA46,206. [58-63] To obtain this
macroinitiator, poly(ethylene oxide) methoxyether was functionalized at the chain-end with
2-bromo-2-methylpropionyl

bromide

to

afford

poly(ethylene

oxide)

2-bromo-2-

methylpropionate (PEO-Br). They further extended their ATRP procedure to prepare PEO
and TESPMA based linear amphiphilic diblock PEO 45-b-PTESPMA69,90,162, PEO113-bPTESPMA64 and triblock copolymers PTESPMA 40-b-PEO45-b-PTESPMA40. [63, 64] With
a similar procedure, the group of He obtained block copolymers with other DP, namely
PEO45-b-PTMSPMA73,100,158. [65] PEO-b-PTMSPMA has also been synthesized via RAFT
by another group.[66] A PEO macro-CTA with a p-fluorodithioester group was used as
macroinitiator for TMSPMA and the polymerization was conducted in 1,4-dioxane at 70^°C
to afford PEO5kDa-b-PTMSPMA10kDa with dispersities lower than 1.4. Both the groups of
Chen [58] and He [65] synthesized poly(ethylene oxide)-b-poly[3-(trimethoxysilyl) propyl
methacrylate-r-methyl methacrylate] (PEO-b-P(TMSPMA-r-MMA)) copolymers with
various feed ratios and dispersities ranging from 1.17 to 1.96. They used a similar
procedure involving copolymerization of MMA and TMSPMA via ATRP starting from PEO11
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Br macroinitiator in presence of CuBr/PMDETA in anisole at 55 or 70 °C. By using a lower
copolymerization temperature (55 °C), the group of He obtained lower dispersities (1.171.26) for PEO-b-P(TMSPMA-r-MMA) of similar monomer ratio (PEO 114-b-P(TMSPMA32124-r-MMA55-423)

compared to the polymers obtained by Chen et. al. (PEO45-b-

P(TMSPMA19-42-r-MMA14-67)). Yang et. al. prepared poly(ethylene oxide)-b-poly[3(triethoxysilyl)propyl

methacrylate]-b-polystyrene

(PEO-b-PTESPMA-b-PS)

triblock

copolymers by a two-step RAFT polymerization. [67] In the first step, a PEO-CPADB was
used as macroinitiator for polymerization of TESPMA in dioxane at 60 °C, which was
subsequently chain extended with styrene by polymerization in dioxane at 90 °C to afford
the corresponding triblock copolymer PEO45-b-PTESPMA35-b-PS110,448.
The synthesis of polymers based on the ethylene oxide motif is not only limited to linear
structures: macromolecular engineering has been used to produce miktoarm and Hshaped polymers based on such motifs. Infact, Ngai et. al. used a PEO-(Br)-b-PS
macroinitiator

to

synthesize

miktoarm

μ-PEO45-b-PS25-86-b-PIPSPMA25-35

triblock

copolymers by bpy/CuBr mediated ATRP of IPSPMA in anisole at 80 °C. The diblock
copolymer macroinitiator, namely PEO-(Br)-b-PS, was synthesized via the esterification of
PEO-(OH)-b-PS with 2-bromoisobutyryl bromide in dichloromethane and the PEG-(OH)b-PS diblock copolymers bearing hydroxyl group on the junction point had been previously
synthesized by the click reaction between a PEO bearing an azide and hydroxyl group and
an α-alkynyl-ω-diethylamino-polystyrene. The miktoarm μ-PEO45-b-PS25-86-b-PIPSPMA2535

triblock copolymers were obtained with relatively low dispersities of 1.22-1.27 and a

molar mass of up to 22.5 kDa. [68] Pan and co-workers prepared H-shaped PEO-bPTMSPMA copolymers by using a multifunctional Br 2-PEO-Br2 macroinitiator. [69] They
obtained well-defined H-shaped (PTMSPMA98,154,182)2-b-PEO91-b-(PTMSPMA98,154,182)2
copolymers with dispersities of 1.05-1.17 and a molar mass of up to ≈50 kDa by employing
CuBr/bpy mediated ATRP in methanol at room temperature. Not only PEO used as
macroinitiator has been used for the synthesis of ethylene oxide motif-containing hybrid
block copolymers but also oligoethylene oxide-based (meth)acrylates have been
polymerized by several groups to obtain such copolymers. Zhang et. al. prepared
poly[oligo(ethylene glycol)methyl methacrylate]-b-poly(glycidyl methacrylate)-b-poly[3(methacryloxypropyl) trimethoxysilane] (POEGMA 26-b-PGMA42-b-PTMSPMA27) triblock
copolymers by sequential RAFT polymerization of OEGMA, GMA and TMSPMA using
CPADB as chain transfer agent in anisole at 70 °C. [70] This procedure afforded the
corresponding triblock copolymer with low conversion of the TMSPMA block segment and
a dispersity of 1.18. The group of Fukuda reported the synthesis of poly(methyl
12
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methacrylate)-b-poly[oligo(ethylene
glycol)methyl

glycol)methyl

methacrylate-r-3-(trimethoxysilyl)

POEGMA28-b-P(OEGMA0.53-r-TMSPMA0.47)15).

methacrylate]-b-poly[oligo(ethylene
propyl

These

methacrylate]
linear

(PMMA 82-b-

amphiphilic

triblock

copolymers were obtained via sequential ATRP of MMA and OEGMA in diphenyl ether at
70 °C in presence of CuBr and sparteine, followed by addition of TMSPMA two hours after
polymerization of the POEGMA block, leading to the third mixed block P(OEGMA-rTMSPMA). [71] A huge step in macromolecular engineering was done by the group of
Müller, who reported the synthesis of various cylindrical polymer brushes (CPB) based on
a poly(2-bromoisobutyryloxyethylmethacrylate) (PBIEM) backbone of high DP (1,500 or
3,200) with PTMSPA-b-POEGMA brushes, namely [PTMSPA 21-b-POEGMA58]1,500,
[PTMSPA20-b-POEGMA57]3,200,

[PTMSPA41-b-POEGMA68]3,200

and

[PTMSPA72-b-

POEGMA95]3,200. [72] The PBIEM obtained by anionic polymerization was used as
multifunctional initiator of the CuBr/PMDETA mediated ATRP of TMSPA and OEGMA in
benzene at 80 °C to yield the bottle brush-like hybrid inorganic/organic block copolymer.
In a following publication, the authors synthesized a series of CPB with PtBA-b-PTMSPAb-POEGMA brushes instead of PTMSPA-b-POEGMA brushes: [PtBA75-b-PTMSPA50-170b-POEGMA150-400]3,200.[73] Thickett et. al. prepared PEGMA-b-PTMSPMA diblock solution
with a targeted TMSPMA DP ranging from 80 to 600 under several reaction conditions by
using a PEGMA based MacroCTA with a DP of 9, 18 and 36. [42]

1.2.1.6 Monomers based on phosphorylcholine for antibacterial properties
Zwitterionic materials exhibit antibacterial properties due to the reduction or elimination of
non-specific adsorption at the solid/liquid interface. For this reason, diblock copolymers
composed of poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC) and PTMSPMA
were synthesized by sequential ATRP polymerization of TMPSMA and MPC in ethanol at
60 °C in presence of CuBr and ligands such as PMDETA and bpy, respectively. [74] The
length of the PMPC block was varied to afford PMPC 15,30,50,70,200-b-PTMSPMA14.

1.2.1.7 pH responsive monomers for structures with pH responsive properties in
aqueous media
pH responsive copolymers based on 2-vinylpyridine (2VP), 2-(dimethylamino)ethyl
methacrylate (DMAEMA) or 2-(diethylamino)ethyl methacrylate (DEAEMA) can selfassemble depending on the solution pH and form various nanosized structures including
core-shell micellar structures, hollow spheres and vesicles. They can also be used to
produce pH-responsive hydrogels, microgels, and layer-by-layer (LbL) nanofilms, which
13
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have potential as drug carriers or controlled releasing systems for instance. Moreover,
P2VP is not only pH responsive but can also complex Au ions or Au nanoparticles (NP).
Chen and co-workers reported in a series of publications the synthesis of di- and tri- block
copolymers based on poly(2-vinylpyridine) (P2VP) and TESPMA. For instance, the diblock
P2VP162-b-PTESMA60 was synthesized by sequential bulk polymerization of TESPMA with
CDB at 60 °C, followed by the polymerization of 2VP under the same conditions from the
PTESPMA macroinitiator. [75] This procedure was further extended to synthesize linear
P2VP331-b-PS265-b-PTESPMA58 or P2VP432-b-PS249-b-PTESPMA55 [76, 77] and P2VP310b-PTESPMA58-b-PS322[78] triblock copolymers.
Matyjaszewski et. al. reported the synthesis of linear pH-responsive poly[2(dimethylamino)ethyl

methacrylate]-b-poly[3-(trimethoxysilyl)propyl

methacrylate]

PDMAEMA97-b-PTMSPMA5,20,60 and PDMAEMA53-197-b-PTMSPMA40 diblock copolymers
via ATRP. [79] These copolymers were synthesized in a two-step procedure starting with
the polymerization of DMAEMA with 1,2-bis(bromoisobutyryloxy)ethane as initiator via
CuCl/HMTETA-mediated ATRP in the presence of CuCl2 in acetone at room temperature.
From

the PDMAEMA-Cl macroinitiator, TMSPMA

was then polymerized

with

CuCl/PMDETA in anisole at 60 °C. A similar procedure was used for the preparation of
PTMSPMA-b-PDMAEMA-b-PTMSPMA

or

PDMAEMA-b-PTMSPMA-b-PDMAEMA

triblock copolymers except that the macroinitiator was bifunctional and would constitute
the middle block in the final triblock. Chen and co-workers reported the synthesis of
PDMAEMA252-598-b-PTESPMA55-162 copolymers of higher DP and longer PDMAEMA block
via RAFT polymerization at 60 °C mediated by CDB in 1,4-dioxane or THF, for DMAEMA
and TESPMA respectively. [80] Linear (2-(dialkylamino)ethyl methacrylate)-based hybrid
copolymer architectures containing a third monomer/polymer of different nature (either
PEO or PMMA) have also been reported. Du and Armes reported PEO-b-P(DEAEMA-statTMSPMA) containing 2-(diethylamino)ethyl methacrylate (DEAEMA). While PDMAEMA is
a weak polybase, which is soluble at neutral pH or in acidic media due to protonation of
the tertiary amine groups, PDEAEMA, although very similar structurally, is immiscible in
water and completely insoluble at neutral pH. PEO43-b-P(DEAEMA40-stat-TMSPMA40) and
PEO43-b-P(DEAEMA60-stat-TMSPMA10) were obtained by ATRP of DEAEMA and
TMSPMA from a PEO-Br macroinitiator using CuBr/bpy as catalytic system. The statistical
copolymerization was carried out in methanol at 20°C and the diblock copolymers were
obtained with low dispersities of 1.13–1.15. [81] Zhang et. al. synthesized P(MMA-coTMSPMA)-b-PDEAEMA block copolymers in DMF at 70 °C via CuBr/bpy copolymerization
of MMA and TMSPMA with 2-bromoisobutyrate as initiator and CuBr/bpy as metal/ligand
14
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system,

followed

by

(dimethylamino)ethyl)amine

polymerization
(Me 6TREN).

of
[82]

DEAEMA

with

CuBr/tris(2-

P(MMA-co-TMSPMA)27.1

kDa-b-

PDEAEMA53.6 kDa was obtained with high dispersity of 1.85.

1.2.1.8 Thermoresponsive monomers for structures with temperature responsive
properties in aqueous media
Thermoresponsive polymers are promising candidates for a range of biological
applications, including controlled drug delivery, bioseparation, smart surfaces, and
regulating enzyme activity. Most applications have relied on abrupt changes in aqueous
solubility at either a lower critical solution temperature (LCST) or an upper critical solution
temperature (UCST). The most commonly used thermoresponsive polymer is poly(Nisopropylacrylamide) (PNIPAM) that exhibit LCST behaviour, where the responsive
polymer is soluble due to extensive hydrogen bonding interactions with the surrounding
water molecules and upon heating, hydrogen bonding with water is disrupted, and intraand intermolecular hydrogen bonding/hydrophobic interactions dominate, which results in
a transition in solubility, also called "coil to globule transition". Liu et. al. reported the
preparation of thermoresponsive poly(N-isopropylacrylamide)-b-poly[3-(trimethoxysilyl)
propyl methacrylate] (PNIPAM-b-PTMSPMA) copolymers via RAFT polymerizations
mediated by benzyl dithiobenzoate (BDTB). PNIPAM 48-b-PTMSPMA60 and PNIPAM300-bPTMSPMA52 were obtained by polymerization of NIPAM in 1,4-dioxane at 70 °C followed
by TMSPMA also in 1,4-dioxane at 80 °C, reaching high molecular masses and dispersities
ranging from 1.10 to 1.17. [83] More recently, Becer and Jones used a trithiocarbonate
(butyl ether 2-(dodecylthiocarbonothioylthio)-2-methylpropionate) for RAFT polymerization
of N-[3-(trimethoxysilyl) propyl] acrylamide (TMSPAAm) and NIPAM based diblock
copolymers in THF at 60 °C. The yielded PNIPAM81,162,371-b-PTMSPAAm28 show good
dispersities ranging from 1.10-1.19. [84] More refined structures were achieved via ATRP.
Zhang et. al. synthesized P(MMA-co-TMSPMA)-b-PNIPAM block copolymers in DMF at
70 °C via CuBr/bpy copolymerization of MMA and TMSPMA with 2-bromoisobutyrate as
initiator and CuBr/bpy as metal/ligand system, followed by polymerization of NIPAM with
CuBr/Me6TREN. [82] P(MMA-co-TMSPMA)27.1kDa-b-PNIPAM40kDa was obtained with
dispersity of 1.37. Similarly, Perrier et. al. [85] synthesized PEO45-b-P(MMA46-coTMSPMA2)-b-PNIPAM429 triblock copolymers via CuCl/Me 6TREN mediated ATRP in a
DMF/2-propanol mixture at 30 °C using a PEO-b-P(MMA-co-TMSPMA)-Br macroinitiator.
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1.2.1.9 Organic block with dual response for stimuli-sensitive structures in aqueous
media
Due to the versatility of RAFT as a polymerization technique, it has been used for the
preparation of pH and temperature responsive hybrid organic-inorganic copolymers.
Zhang

and

co-workers

carboxylethylsulfanylthiocarbonylsufanyl)

conducted
propionic

successfully
acid

(TTC)-mediated

2-(2RAFT

copolymerization of NIPAM and TMSPMA in DMF at 70 °C followed by the polymerization
of DEAEMA from this macroinitiator in THF at 70 °C. They afforded thermoresponsive
hybrid inorganic/organic block copolymers composed of NIPAM, DEAEMA and TMSPMA
(P(NIPAM235-co-TMSPMA5)-b-PDMAEMA362) with high conversions and dispersity of 1.38.
[86] In the same group, P(NIPAM-co-TMSPMA)-b-PDMAPMAAm based on N-[3(dimethylamino) propyl] methacrylamide (DMAPMAAm) was prepared under similar
conditions, namely in THF at 70 °C by employing TTC-mediated RAFT polymerization. A
copolymer P(NIPAM188-co-TMSPMA4)-b-PDMAPMAAm92 with a high dispersity of 1.57
was obtained, showing that the conditions of polymerization should be optimized. [87]
Boyer et. al. successfully synthesized P(DEGMA-co-OEGMA)-b-P(TMSPMA-co-VBA) by
using 4-cyano-4- (phenylcarbonothioylthio)pentanoic acid (CPPA)-mediated RAFT
polymerization with high converions and dispersities of 1.30. In the first step, they prepared
a MacroCTA composed DEGMA and OEGMA in a molar ratio of 3/1 and 2.2/1 in
acetonitrile at 70 °C, which was subsequently chain extended with TMSPMA and 3vinylbenzaldehyde (VBA) in a molar ratio of 1/4 in toluene at 90 °C. [88, 89]

1.2.2 Hybrid inorganic/organic statistical copolymers
Random/statistical hybrid inorganic/organic copolymers composed of (meth)acrylic
monomers with aliphatic moieties are promising precursor for the fabrication of hybrid
bioactive scaffolds. [90] Recently, Jones and co-workers synthesized linear PMMA480–coPTMSPMA48 (Mn = 59.5 kDa, Đ = 1.12), randomly branched PMMA480–co-PTMSPMA48
(Mn = 11.8 kDa, Đ = 2.27) and star-shaped PMMA480–co-PTMSPMA48 (Mn = 61.4 kDa, Đ
= 1.21) copolymers by using CDB-mediated RAFT polymerization in toluene at 70 °C [91,
92], as depicted in Scheme 2. For the preparation of randomly branched copolymers,
TMSPMA and MMA were copolymerized in the presence of ethylene glycol dimethacrylate
(EGDMA) as crosslinker in a molar ratio 0.7/100 (EGDMA/MMA), whereas the star-shaped
copolymers were synthesized by using an “arm-first” approach. Herein, linear PMMA 480co-PTMSPMA48 was used as MacroCTA, which was subsequently core-crosslinked with
EGDMA in a molar ratio of 8/1 (MacroCTA/EGDMA) by using FRP in toluene at 70 °C.
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Similarly, Jones et. al. synthesized well-defined PMMA120-co-PTMSPMA12, PBMA90-coPTMSPMA9 and PMA137-co-PTMSPMA13.7 with molar masses of 12.8–14.5 kDa and
disperties ranging from 1.10 to 1.12 by using CDB-mediated RAFT polymerization in
toluene at 70 °C. [93] Hong et. al. reported the fabrication of thermoresponsive Au-polymer
hybrid microgels in solution by using P(MEO2MA-co-OEGMA-co-TMSPMA) copolymers
as precursors. [94] For this purpose, MEO2MA, OEGMA and TMSPMA were
copolymerized with three different molar ratios of 9/1/1, 8.5/1.5/1 and 8/2/1 via CDBPAmediated RAFT polymerization in THF at 70 °C.

Scheme 2. CDB mediated RAFT polymerization of MMA and TMSPMA of three different
architectures: linear (top), star (center) and randomly branched polymers (bottom).
Reprinted with permission from ref. [92]. Copyright © 2016 American Chemical Society.
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The CDBPA-mediated RAFT polymerization was terminated at conversions of 49–59%
yielding well-defined copolymers with molar masses of 20.05–20.17 kDa and dispersities
of 1.08–1.09. Robin and co-workers demonstrated the cotelomerization of TMSPMA and
PFDA in acetonitrile at 80 °C. They synthesized short PTMSPMA 7.36-stat-PPFDA0.64 with
a molar mass of 2.2 kDa by using 2-mercaptoethanol as telogen agent and AIBN as
initiator.[95, 96] The short copolymers were functionalized with 2-isocyanatoethyl
methacrylate in order to afford macromonomers, which were subsequently grafted-onto
silica nanoparticles. Roh et. al. synthesized comb-like amphiphilic graft copolymers
composed of vinylidene fluoride (VDF), chlorotrifluoroethylene (CTFE), 4-styrene sulfonic
acid (SSA) and TMSPMA by using CuCl/HMTETA mediated ATRP in DMSO at 90 °C. The
comb-like graft copolymers were obtained after grafting SSA and TMSPMA from a P(VDFco-CDTFE) macroinitiator in a molar ratio of 1/6/0.5 (macroinitiator/SSA/TMSPMA). [97]

To date, the synthesis of well-defined hybrid inorganic/organic copolymers is mainly
focused on the preparation of block and statistical/random copolymers. Due to the inherent
reactivity of the sol-gel active Si-OR motifs, the synthesis of more sophisticated
microstructures such as gradient copolymers are exceptionally demanding and require a
careful adjustment of the experimental conditions in order to minimize undesired side
reactions.
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2.1 Macromolecular engineering via reversible-deactivation radical
polymerization
The advent of controlled polymerization techniques such as controlled living anionic
polymerization (CLAP), group transfer polymerization (GTP) or reversible-deactivation
radical

polymerization

(RDRP)

techniques,

including

nitroxide-mediated

radical

polymerization (NMP), atom-transfer radical polymerization (ATRP) and reversibleaddition and fragmentation chain transfer (RAFT) polymerization, lead to a new era in
synthetic polymer chemistry. [98] Contrary to (co)polymers synthesized via free-radical
polymerization (FRP) and other uncontrolled polymerization techniques, (co)polymers
synthesized via controlled polymerization techniques exhibit well-defined structures with a
narrow molecular weight distribution (MWD) of (co)polymer chain lengths (low dispersity).
Furthermore, controlled polymerization techniques allow the preparation of copolymers
with various composition including block, gradient or grafted copolymers and thus, are
frequently used in macromolecular engineering. Due to their ease of operation RDRP
techniques rapidly become one of the most used techniques in polymer synthesis. These
techniques are based on a reversible deactivation of an active propagating radical species,
as depicted in Scheme 1. An efficient deactivation can be achieved through reversible
radical coupling of the active radical (NMP) [99], reversible catalytic deactivation (ATRP)
[100, 101] and degenerate chain transfer (RAFT) [102], as illustrated in Scheme 3.
kprop.
+

kact.

dormant species

+

kdeact.
active species

NMP

deactivator

RAFT
ATRP

ktransfer

kact.
+
kdeact.

+
kact.
Br + CuBr/L

k–1transfer

+

+ CuBr2/L

kdeact.

Scheme 3. Schematic representation of the basic principle of RDRP (top) and illustration
of the reversible (de)activation step in NMP, ATRP and RAFT (bottom).
The differences and similarities of all three RDRP techniques are summarized in Table 1.
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Table 1. General comparison of all three RDRP techniques.

Monomers

NMP

ATRP

RAFT

styrene, acrylates &

mainly monomers

monomers with

acrylamides

with activated

activated and non-

double bonds

activated double
bonds

high temperatures
Conditions

Additives

(>120 °C)

nitroxides

wide temperature

elevated

range

temperatures

(–30 °C to 150 °C)

(> 50 °C)

catalyst

CTA

ligand

radical source

alkyl halide

Pros

Cons

+ no further

+ various initiation

+ wide range of

additives

procedures

polymerizable
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Since, all three RDRP techniques are suited to synthesize copolymers with various
morphologies and precise structure in a controlled fashion, in this project was chosen
RAFT polymerization to prepare hybrid inorganic/organic block and gradient copolymers.
The two major advantages of RAFT are the large range of polymerizable monomers
compared to NMP as well as the lack of excessive purification compared to ATRP.
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2.1.1 Mechanism of reversible addition-fragmentation chain transfer polymerization

RAFT polymerization was invented in 1998 by several scientists at the Commonwealth
Scientific and Industrial Research Organization (CSIRO) in Australia. The popularity of
RAFT polymerizations steadily increased since 1998, due to the great versatility and
robust nature of RAFT and a large scope of applications in synthetic polymer
chemistry. [103, 104] Thus, RAFT polymerization is nowadays one of the most
frequently used RDRP technique to synthesize (co)polymers composed of various
monomers, as well as with various compositions and architectures. The essential
principle of RAFT is a degenerate chain transfer between an active radical species and
a thiocarbonyl–thio compound, so-called chain-transfer agent (CTA), which is
governed by two equilibria that are superimposed on the FRP processes initiation,
propagation, and termination, as shown in Figure 4.
I) Initiation
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Figure 4. Mechanism of RAFT polymerization. Adapted with permission from ref. [103].
Copyright © 2015 American Chemical Society.

Contrary to other RDRP techniques, RAFT polymerizations require a radical source
(e.g. AIBN) to initiate the polymerization and drive the RAFT process. Subsequently in
a pre-equilibrium, adds a propagating radical (Pn.) adds to the RAFT agent, generating
a RAFT-polymer radical adduct which either can fragment in the forward direction or
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in the backward direction. The forward fragmentation leads to the release of a radical
leaving group R., which re-initiate the polymerization by adding monomer units and
generate a dormant MacroCTA species. The MacroCTA species is considered as
dormant species, since it can forward fragment to generate P n. as well as add more
monomers due to radical coupling. The pre-equilibrium dominates the reaction kinetics
until all CTA agent is consumed, which generally results in so-called induction periods
or periods of slow initiation. Afterwards, the RAFT process is dominated by the main
equilibrium, which is mainly affected by the nature of the CTA agent. The ratio between
CTA and radical source should be at least two (or more) to ensure a reasonable high
chain-end fidelity of the obtained polymer.However, a common misunderstanding of
RAFT polymerization is to keep the initial initiator concentration ([I]0) as high as
possible to increase the overall rate of polymerization.[102] In fact, the rate of
polymerization (Rp) is affected by the same parameters as in FRP and thus, can be
manipulated by other parameters such as monomer concentration ([M]) , monomer
propagation rate (kp) and the decomposition rate of the radical source (kd), as detailed
in equation 1.

𝑅𝑝 (𝑡) = 𝑘𝑝 [𝑀]√

𝑓𝑘𝑑 [𝐼]0 𝑒 −𝑘𝑑𝑡
𝑘𝑡

(1)

where f is the initiator efficiency and kt is the rate of termination. A controlled RAFT
process relies on careful adjustment of the reaction parameters and balancing of the
monomer reactivity and the reactivity of the used RAFT agent to achieve a high number
of living chains (L, “livingness”), as depicted in equation 2.

𝐿=

[𝐶𝑇𝐴]0
[𝐶𝑇𝐴]0 + 2𝑓[𝐼]0 (1 − 𝑒 −𝑘𝑑𝑡 ) (1 −

𝑓𝑐
)
2

(2)

where [CTA]0 is the initial CTA concentration. The term 2f refers to the fact that one
initiator molecule gives two radicals, whereas the term 1 – fc/2 refers to the number of
chains produced in radical–radical termination event with fc as coupling factor (fc = 1,
100% termination by bimolecular coupling and fc = 0, 100% termination by bimolecular
disproportionation). Further termination and retardation phenomena are ascribed in the
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slow-fragmentation (SF) hypothesis and chain length dependent intermediate-radicaltermination (IRT) hypothesis, which result in prolonged induction periods or early chain
radical termination. Considering retardation in RAFT polymerizations is exceptional
important and is especially pronounced in dithiobenzoate mediated RAFT
polymerizations. [105-107] The careful design of the CTA is a crucial factor to perform
a RAFT polymerization in a controlled fashion. [108] CTAs are thiocarbonyl-thio
compounds that possess labile and easily homolytically cleavable S-R bonds and a
stabilizing Z-group. Both features greatly affect the transfer rate CTransfer = kadd/k–add of
the CTA. Typical controlled RAFT polymerizations display transfer rates of CTransfer =
10-100 and thus, multiple transfer events occur before one monomer unit is added.
RAFT agents with these desired transfer rates exhibit fast forward fragmentation of the
intermediate radical and a fast re-initiation of the released R. species, which leads to a
shortened induction period. Since the rate of propagation is not exclusively
predetermined by the CTA, it is necessary to carefully evaluate the reactivity of the
monomer. More-activated monomers (MAM) such as methacrylate or styrene require
RAFT agents with a Z-group that activated the C=S bond. Whereas, less-activated
monomers (LAM) such as vinyl acetate demand RAFT agents with Z groups that
donate electron density to the C=S and thus, destabilize the intermediate radical to
favour forward fragmentation. The monomer reactivity increases as followed:
methacrylates ≤ methacrylamides < styrene < acrylates ≤ acrylamides < N-vinyl
heteroaromatics < vinyl amides < vinyl esters. Thus, typically used CTA's to polymerize
methacrylates are dithioesters with Z = R or to polymerize styrene/acrylates
trithiocarbonates with Z = SR, as displayed in Figure 5.
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Figure 5. General structures of commonly used CTAs.

The Z group affect the rate of addition of propagating radicals as well as the rate of
fragmentation of the intermediate radicals in the pre-equilibrium and main equilibrium.
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A guideline for the selection of a proper Z group for a set of monomers is shown in
Figure 6.
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~ CH3 >>

>

H3 C

O
N

>

OPh > OCH2CH3 ~

N
H

H3C
~

N
> N(CH2CH3)2

N
VAc, NVP

MMA, HPMAM

MAMs

N

LAMs

St, MA, AM, AN

Figure 6. Guideline for the selection of the Z group of RAFT agents for various monomers.
Adapted with permission from ref. [108].

The nature of the R group affects the rate of fragmentation of the intermediate radicals
as well as an optimal choice of the R group enable the efficient re-initiation and inhibit
retardation during the polymerization. A crucial factor governing these abilities, is the
radical stability. The rate of fragmentation increases in the series primary < secondary
< tertiary and is affected by stabilizing substituents, due to delocalization of the radical
center. A general guideline for the selection of the R group is displayed in Figure 7.
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Figure 7. Guideline for the selection of the R group of RAFT agents for various monomers.
Adapted with permission from ref. [108].

In summary, RAFT is a powerful technique to synthesize (co)polymers with a wide
scope of application in synthetic polymer chemistry and has become one of the most
intensively used RDRP technique in recent years, due to its ease of operation and
versatility.
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2.1.2 Copolymerization kinetics
Copolymers consist of two or more chemically distinct subunits (A, B, C …), wherein the
copolymers are classified by the comonomer composition along the copolymer chain. In
general, copolymers are classified into four classes according to their appearing
composition.

(A) Alternating copolymer: Alternating copolymers exhibit a perfectly alternating
arrangement of A and B comonomers.
(B) Block copolymer: Block copolymers are composed of two or more distinct block
segments, which are covalently attached to each other.
(C) Gradient copolymer: Gradient copolymers exhibit a linear or non-linear gradual
change in the comonomer composition along the copolymer chain.
(D) Random copolymers: Random copolymers show a non-ordered arrangement of A
and B comonomers and thus, display no characteristic composition.

Assuming a copolymerization mixture composed of two monomers M1 and M2, four
different reactions occur at the reactive chain end, as depicted in Scheme 4.
𝑘11

𝑀1 + 𝑀1∗ → 𝑀1 𝑀1∗
𝑘12

𝑀1 + 𝑀2∗ → 𝑀1 𝑀2∗
𝑘21

𝑀2 + 𝑀1∗ → 𝑀2 𝑀1∗
𝑘22

𝑀2 + 𝑀2∗ → 𝑀2 𝑀2∗
Scheme 4. Reactions occurring in a copolymerization mixture composed of two monomers
M1 and M2.
Following Scheme 2, the reactivity ratios are defined as r1 = k11/k12 and r2 = k22/k21. The
copolymerization kinetics are described as a change of the comonomer concentration [M1]
and [M2] during the copolymerization as a function of the instantaneous ratio [M 1]/[M2].
These observations are summarized in the so-called Mayo-Lewis equation or copolymer
equation, as shown in equation 3. [109]
[𝑀1 ](𝑟1 [𝑀1 ] + [𝑀2 ])
𝑑 [𝑀1 ]
=
[𝑀2 ]([𝑀1 ] + 𝑟2 [𝑀2 ])
𝑑[𝑀2 ]
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According to Fineman and Ross, equation 3 can be converted into a linear form, to easily
determine the corresponding reactivity ratios r1 and r2, as detailed in equation 4 and 5.
[110]
[𝑀1 ] 𝑚2 𝑚1
[𝑀1 ]2 𝑚2
(
− 1) = 𝑟1
− 𝑟2
[𝑀2 ] 𝑚1 𝑚2
[𝑀2 ]2 𝑚1

(4)

[𝑀2 ] 𝑚1
[𝑀2 ]2 𝑚1
(
− 1) = −𝑟2
+ 𝑟1
[𝑀1 ] 𝑚2
[𝑀1 ]2 𝑚2

(5)

This form of the copolymer equation yields a linear form by plotting
[𝑀1 ] 𝑚2
[𝑀2 ] 𝑚1

(

𝑚1
𝑚2

− 1) as well as

[𝑀2 ]2 𝑚1
[𝑀1 ]2 𝑚2

versus

[𝑀2 ] 𝑚1

(

[𝑀1 ] 𝑚2

[𝑀1 ]2 𝑚2
[𝑀2 ]2 𝑚1

versus

− 1) with the slope corresponding to r1

and the intercept corresponding to r2 (and vice versa). The Fineman-Ross method is
exclusively valid for low conversions (≤15%), because it does not consider the reaction
between a comonomer unit and a growing copolymer chain. To overcome this limitation,
Kelen and Tüdos [111, 112] introduced an arbitrary constant α (α > 0) and divided equation
[𝑀 ]2 𝑚

2 and 3 by 𝛼 + [𝑀1 ]2 𝑚2 , as shown in equation 6.
2

1

[𝑀1 ] 𝑚2 𝑚1
[𝑀1 ]2 𝑚2
(
−
1)
𝑟
1
𝑟2
[𝑀2 ] 𝑚1 𝑚2
[𝑀2 ]2 𝑚1
=
−
2
2
[𝑀 ] 𝑚
[𝑀 ] 𝑚
[𝑀 ]2 𝑚
𝛼 + 1 2 𝑚2
𝛼 + 1 2 𝑚2 𝛼 + 1 2 𝑚2
[𝑀2 ] 1
[𝑀2 ] 1
[𝑀2 ] 1

(6)

Similar to the Fineman-Ross method, Kelen and Tüdos transformed equation 6 into a
linear form, as detailed in equation 7.

𝜂 = 𝑟1 𝜉 − 𝑟2

with

1−𝜉
𝛼

[𝑀1 ] 𝑚2 𝑚1
(
− 1)
[𝑀2 ] 𝑚1 𝑚2
= 𝜂
[𝑀1 ]2 𝑚2
𝛼+
[𝑀2 ]2 𝑚1
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[𝑀1 ]2 𝑚2
[𝑀2 ]2 𝑚1
= 𝜉
[𝑀1 ]2 𝑚2
𝛼+
[𝑀2 ]2 𝑚1
𝑟1

and

Plotting η versus ξ yields a straight line which gives

−𝑟2
𝛼

as ordinate section (𝜉 = 0)

r1 as slope (𝜉 = 1). The arbitrary constant α is defined as the mean of the smallest and
largest

[𝑀1 ]2 𝑚2
[𝑀2 ]2 𝑚1

value, as shown in equation 8, and results in a more uniform data

distribution.
[𝑀1 ]2 𝑚2
𝛼 = √(
)
[𝑀2 ]2 𝑚1

√(

𝑚𝑖𝑛

[𝑀1 ]2 𝑚2
)
[𝑀2 ]2 𝑚1
𝑚𝑎𝑥

(8)

However, the Kelen-Tüdos-Method (KTM) does not take into account a composition drift
during polymerization, due to the different reactivities of the comonomers. To overcome
this limitation, Kelen and Tüdos extended their approach to higher conversions (≤ 50%)
and introduced three new parameters 𝑍, 𝐺 and 𝐻, as detailed below: [112]

𝑍=

log(1 − 𝜃𝑥 )
log(1 − 𝜃𝑦 )

𝐺=(

𝐹−1
)
𝑍

𝐻=

𝐹
𝑍2

where 𝜃𝑥 and 𝜃𝑦 are the mole fractions of the comonomers. This so-called extended KelenTüdos-Method (EKTM) allows to determine the reactivity ratios of a comonomer pair at
higher conversions with small errors compared to the KTM. The reactivity ratios display
preferences for propagation and thus, are frequently used to characterize the outcome of
a copolymerization. In general, a high r value indicates a tendency to insert a monomer
species to a propagating species of the same chemical nature, whereas a small r value
indicates a tendency to insert a monomer species to a propagating species of different
chemical nature. These tendencies give rise to five different observations, as listed below.
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(A) 𝑟1 = 𝑟2 ≫ 1: Since both monomers preferentially react with themselves, two
homopolymers are formed.
(B) 𝑟1 = 𝑟2 > 1: The homopolymerization of M1 is favored over the crosspolymerization
with M2 and results in a block copolymer.
(C) 𝑟1 = 𝑟2 ≈ 1: Since both monomers exhibit the same reactivity, a random copolymer
is formed, in which the initial comonomer feed correspond to the overall copolymer
composition.
(D) 𝑟1 = 𝑟2 ≈ 0: The crosspropagation of M1 and M2 is preferred yielding alternating
copolymers.
(E) 𝑟1 ≫ 1 ≫ 𝑟2 : In the initial stage of the copolymerization M1 is preferentially
incorporated into the copolymer chain, while the incorporation of M2 into the
copolymer chain becomes more favored by consumption of M1 or addition of more
M2 yielding gradient copolymers.

2.1.3 Synthesis of (multi)block copolymers via RAFT polymerization
Block copolymers with well-defined composition, precise structure and two or more distinct
block segments can be obtained by RAFT mediated polymerizations. Generally, two
pathways are frequently employed to prepare (multi)block copolymers via RAFT
polymerizations in solution and in bulk: [113] I) Sequential polymerization of each block in
one pot. This approach requires high conversions (≥99%) after each synthesized block
segment to prevent the formation of mixed block segments; II) Stepwise polymerization of
each block by using a macroinitiator-approach. This approach requires a high chain-end
fidelity of the employed macroinitiator to enable efficient re-initiation of the first block, as
demonstrated in Figure 8.
in-situ
chain extension
+

Macroradical
in solution
+

= M1

+

= M1

= M2
quasi-block copolymer

+ radical source
CTA

initiator

re-initiation
+

MacroCTA

= M2
block copolymer

Figure 8. Synthesis of block copolymers via RAFT mediated polymerization.
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The first approach yields so-called quasi-block copolymers with two distinct block
segments that are interconnected through a mixed block segment. Advances in the field
of RAFT and careful adjustment of the reaction parameters enabled the preparation of
sequence-defined multiblock copolymers with well-defined structures and compositions by
using a one-pot RAFT approach. [115-117] However, the most frequently used approach
to synthesize diblock copolymers is the macroinitiator-approach, due to its ease of
operation and reliability.

2.1.4 Synthesis of gradient copolymers via RAFT polymerization
In recent years, gradient copolymers attracted considerable attention, due their unique
physicochemical properties. Nevertheless, the tedious synthesis of such gradient
copolymers is still a tough task in the field of polymer synthesis and resulted in the
development of more sophisticated approaches to synthesize these copolymers. [114] In
general, two different approaches are employed to synthesize gradient copolymers namely
the spontaneous gradient and the semi-batch (forced) gradient approach: [115]

A) Spontaneous gradient polymerization: The reaction of the monomers is
polymerized to high conversions. There is no presence of either azeotropic points
or ideal random copolymerization. The polymer composition changes due to the
different reactivity of the monomers. This technique has three major limitations: I)
It only applies to strictly non-random copolymerization systems. II) It also will fail in
close vicinity to azeotropic points. III) It does not enable to afford polymers with
complete control over the compositional gradient over the full copolymer chain.

B) Semi-batch (forced) gradient polymerization: Reactions that involve an initiation of
a polymerization in a pure monomer or a monomer mixture and subsequent
continuous feeding of monomer (or monomer mixture) during the full reaction time.
This can lead to polymers with full control over the composition based on the
addition rates and the compositions of the added monomers/mixtures.

The basic principle of the semi-batch forced gradient approach is displayed in Figure 9. In
this approach, monomer B is continuously added to a mixture of monomer A (feeding) via
a syringe-pump in order to alter the comonomer feed during the copolymerization.
Following this approach, Steinhauer and co-workers synthesized well-defined gradient
copolymers composed of two acrylic monomers while using RAFT mediated
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polymerizations. [116, 117] They employed two acrylic monomers with ideal random
copolymerization characteristics, in which the change of the comonomer feed in the
solution is directly proportional to the change of the commoner composition within the
polymer chain.
B
A
Start

Change of comonomer ratios in
copolymer solution
A

End

B

Figure 9. Schematic illustration of the semi-batch forced gradient approach.
Thus, the gradual change from comonomer A to B is directly proportional the feeding rate
of comonomer B. An alteration from this technique, is the injection of a pre-defined amount
of monomer B to a mixture of A (shot). This so-called multi-shot or many-shot approach
gives gradient copolymers with a more block-like/tapered microstructure compared to the
former feeding technique. [118]

2.2 Fabrication of thin polymer films via sol-gel grafting-onto approach
Hybrid inorganic/organic copolymers with gelable Si-OR motifs are commonly used to
prepare polymer coatings via a sol-gel grafting-onto approach. [119] The basic principle of
the sol-gel process relies on the preparation of colloidal particles that are dispersed in
solution (sol), which form a 3-dimensional network due to condensation of reactive Si-OH
groups (gel). The network formation is induced by the hydrolytic cleavage of the Si-OR
motifs to form nucleophilic Si-OH motifs (sol formation). These motifs are reacting
subsequently in a polycondensation to form a polysilsesquioxane network with Si–O–Si
motifs, as shown in Scheme 5. The sol-gel chemistry of silica precursors is typically driven
by an acid or base catalyst and tremendously affect the structure of the resulting gel, due
to significant different relative rates of hydrolysis and condensation. Gels prepared via an
acid catalysed process exhibit open weakly branched polymer-like structure due to a faster
rate of hydrolysis compared to the rate of condensation. On the contrary, in base catalysed
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sol-gel process the rate of condensation is faster than the rate of hydrolysis yielding a gel
composed of compact colloidal particles. [120]
Hydrolysis:
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Scheme 5. Mechanism of the sol-gel process by using hybrid copolymers with gelable SiOR motifs as precursor.
Due to the versatile applicability of the sol-gel process several techniques were developed
to functionalize glass-surfaces via a grafting-onto approach, as demonstrated in Figure 10.
These techniques are based on the iterative immersion of a sample in a sol (dip-coating),
dispersion of a sol on a sample via rotation (spin-coating), and deposition of a sol on the
sample by applying a current (electrodeposition). Since the iterative immersion of a sample
requires high loadings of the polymer precursor and yields films with heterogeneous layer
thickness, dip-coating is a non-suitable technique to prepare sol-gel coatings with
homogeneous layer thickness. Electrodeposition is mainly applied for the coating of
(thermo)conductive samples such as metals and thus, is not suitable for preparation of solgel coatings on glass samples. Owing to prepare sol-gel coatings with a homogeneous
layer thickness on glass samples, spin-coating is the most suitable and reliable technique.
In addition, spin-coating requires rather low loadings of the polymer precursor to prepare
a coating in comparison to dip-coating. The film thickness of a spin-coated film is
proportional to the inverse of the square of the angular velocity, and therefore an increase
of the spinning rate results in a decreased film thickness (and vice versa). However, the
precise layer thickness depends on the material concentration/viscosity, solvent
evaporation rate as well as on the choice of the TASPMA precursor. Thin gel layer exhibits
a higher tendency to shrink upon drying by using TASPMA precursors with bulky Rsubstituents. [120]
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Figure 10. Processing routes to obtain sol-gel coatings. Reprinted with permission from
ref. [119]. Copyright © 2016 MDPI.

2.3 Polymer characterization
2.3.1 Gel permeation chromatography
Gel permeation chromatography (GPC) or size exclusion chromatography (SEC) is a
powerful tool to characterize synthetic polymers, biopolymers, proteins as well as
nanoaggregates. The fundamental principle of GPC relies on the separation of a given
polymer or polymer mixture in respect to their hydrodynamic volume. [121] The separation
is directly related to the pore size of the porous packing material in the GPC column.
Polymers with a smaller hydrodynamic volume can enter these pores more easily and
thus, maintain a longer period of time within these pores than polymer with a large
hydrodynamic volume. Therefore, each eluted polymer is characterized by a specific
retention volume and retention time. A typical chromatogram displays a weight distribution
of the polymer or polymer mixture as function of the retention volume, as demonstrated in
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Figure 11A. Typically, GPC is used to determine the relative molecular weight and the
dispersity (Đ) of a given polymer, as illustrated in Figure 11B. Since, GPC requires
standards to determine Mw, Mn and Mz, linear polymer standards with narrow MWD such
as polystyrene or polymethyl methacrylate are used in order to calibrate the system. An
appropriate and careful calibration is crucial to afford reliable and accurate results.

Intensity
A
V0

Vt
VA

VB

Volume
Weight
fraction
B

Mn
Mw
Mz

Molecular weight
Figure 11. A) GPC Chromatogram of a mixture composed of two polymers A and B, where
V0 = no retention, Vt = complete retention, VA = retention volume of polymer A and VB =
retention volume of polymer B. B) Illustration of a typical molecular weight distribution of a
polymer obtained via GPC analysis, where Mn is the number-average molecular weight,
Mw is the weight-average molecular weight and Mz is the Z-average molecular weight.
The basic set-up of a GPC experiment consists of an autosampler, a pump system, one
or multiple columns packed with porous packing material as well as one or more detectors,
which continuously monitor the concentration by weight of the polymer in the eluting
solvent. Commonly employed detectors are concentration sensitive detectors such as UV
absorption detectors or refractive index detectors as well as molecular weight sensitive
detectors such as light scattering detectors.
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2.3.2 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is an exceptional powerful tool to
characterize polymers in respect to their chemical nature, purity as well as to determine
the molecular weight of polymers by using 1H NMR spectroscopy. Since, the molecular
weight analysis via 1H NMR spectroscopy is a primary quantitative method and thus, does
not require calibration, it is a fairly simple, fast and accurate method of analysis as
compared to GPC. [122] The calculation of the molecular weight of a given homopolymer
or copolymer via

1H

NMR analysis relies on the determination of the degree of

polymerization (DPn) by comparing the relative proton peak intensity of a known moiety
(e.g. end-group) to the repeating unit of the polymer. However, this so-called end-group
analysis has two major drawbacks: I) The proton signal of the end-group cannot overlap
with the proton signal of the polymeric repeating unit. II) This technique is rather limited to
low molecular weight polymers of ≤ 25 kDa, due to loss of sensitivity. Thus, end-group
analysis is more suited for homopolymers and copolymers of rather short chain length.
Since, this doctoral project aims to synthesize (co)polymers of molecular weights of over
25 kDa, end-group analysis method was disregarded as useful method to determine the
molecular weight by 1H NMR analysis. A second method to calculate the molecular weight
of a (co)polymer via 1H NMR analysis is to determine the monomer conversion (convNMR)
by taking an aliquot from the (co)polymerization mixture. This method allows to calculate
the molecular weight for low molecular weight (co)polymers as well as for high molecular
is compared with the proton signal of the monomer repeating unit of the polymer. To afford
the average DP of the (co)polymer the targeted DPtarget is multiplied with convNMR, as
detailed in equation 9.
𝐷𝑃𝑛 = 𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡 ∙ 𝑐𝑜𝑛𝑣𝑁𝑀𝑅

with

𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡 =

(9)

[𝑀]0
[𝐶𝑇𝐴]0

Where [M]0 is the initial monomer concentration and [CTA] 0 is the initial concentration of
the CTA. To maximize the accuracy of the calculation, the polymerization has to be
conducted under strict stoichiometric conditions. To calculate Mn of the given polymer, DPn
is multiplied with molar mass of the monomer (MMonomer) and summated with the molar
mass of the CTA (MCTA), as described in equation 10.
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𝑀𝑛 = 𝐷𝑃𝑛 ∙ 𝑀𝑀𝑜𝑛𝑜𝑚𝑒𝑟 + 𝑀𝐶𝑇𝐴

(10)

Since, this method is based on the 1H NMR analysis of the crude polymerization mixture,
the accuracy of the Mn values is affected by reaction impurities such as oligomers.
Consequently, to maximize the accuracy of this method such calculations should be
exclusively used for well-defined (co)polymers with narrow MWD. These requirements are
fulfilled in the frame of this doctoral project and thus, this method was used as method of
choice in order to determine the molecular weight of a polymer via 1H NMR analysis.

2.3.3 Thermogravimetric analysis
Thermogravimetric analysis (TGA), which measures changes in sample weight as a
function of increasing temperature allows to investigate particular physical phenomena
such as absorption or desorption and chemical phenomena such as decomposition or
oxidative degradation. [123] The instrumental requirements for a TGA are a high precision
(micro)balance and a furnace that is programmed for a linear increase of temperature with
time. In general, TGA is employed in polymer science in order to characterize polymers in
respect to their thermal stability and decomposition pattern, as shown in Figure 12.

Mass
loss

A

B

Temperature
Figure 12. Typical thermogravimetric curve. A and B denote plateaus in the decomposition
curve. Adapted with permission from ref. [123].
Thermal decomposition patterns are specific for a particular polymer and thus, allow to
investigate the decomposition mechanism of polymers with divergent chemical nature in
detail.
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2.3.4 Differential scanning calorimetry
Complementary to TGA, the differential scanning calorimetry (DSC) relies on the
measurement of the “heat content” as a function of increasing temperature. DSC is used
for various applications including characterization of polymers in respect to their phase
characteristics or kinetic investigation of isothermal curing processes. There are four
different types of DSC namely Heat Flux DSC, Power compensated DSC, Modulated DSC,
Hyper DSC as well as Pressure DSC. Nevertheless, the instrumental set-up of all four
differ from each other; the experimental results are comparable. DSC is typically used in
polymer characterization in order determine particular phase transitions temperatures
such as glass-transition-temperatures (Tg), crystallization-temperatures (Tc) and meltingtemperatures (Tm), [124] as detailed in Figure 13.

Heat
flow

Temperature
Tg

Tc

Tm

Figure 13. Typical phase transitions of a polymer determined via DSC. Adapted from ref.
[124].

2.4 Characterization of thin polymer films on surfaces
2.4.1 Contact angle measurements
Contact angle measurements allow the quantitative measure of wetting of a solid by a
liquid. In general, the contact angle () is geometrically described by Young’s equation as
the angle formed by a spherical liquid droplet at the three-phase boundary, as illustrated
in Figure 14. The contact angle is mainly governed by the interfacial tension S, SL and L
of the three phases. Consequently, a small interfacial tension of the solid-liquid interface
(S > SL) results in a partial wetting of the solid surface as expressed by contact angle
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below 90°. A high contact (>90°) is related to a high interfacial tension of the solid-liquid
interface (S < SL) and yield partially de-wetted surfaces.

three-phase
contact angle

�
atmosphere
�

�
substrate

droplet
�

Figure 14. Contact angle of a spherical droplet on the three-phase boundary.
Such measurements give rise to evaluate the surface hydrophilicity or hydrophobicity as
well as to investigate wetting and de-wetting phenomena. De-wetted surfaces with a
contact angle larger than 135° are ascribed as “superhydrophobic” (total water droplet dewetting) or “superamphiphobic” (total water and oil droplet de-wetting). Two techniques to
determine contact angles are optical tensiometry and force tensiometry. The former
technique is the most common one and relies on the measure of images of a droplet placed
on the solid surface and subsequent data analysis according to a Young-Laplace-Fit. [125]
In addition, the Fowkes-Method [126] and the Owens, Wendt, Rabel and Kaelble (OWRK)Method [127] enable the calculation of the surface free energies (s) between a solid
substrate and a liquid, as detailed in equation 11.
𝜎𝑠 = 𝛾𝑠𝑙 + 𝛾𝑙 ∙ cos 𝜃

(11)

Both methods rely on the assumption that the surface free energy can be divided in a
dispersive fraction and non-dispersive fraction, wherein the non-dispersive fraction is
further specified in the OWRK-Method as polar fraction. The surface roughness has an
immanent impact on the surface wettability and the contact angle. According to Wenzel
[128] the wettability of a surface increases with the addition of the surface roughness, as
described in equation 12.
cos 𝜃𝑚 = 𝑟 ∙ cos 𝜃𝑌
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Where m is the measured contact angle, Y is the Young contact angle and r is the
roughness ratio. The roughness ratio describes the ratio between the actual and projected
solid surface area. For smooth surfaces these values are typically are equal to one (r = 1),
whereas rough surfaces exhibit larger values of over one (r > 1). Notably, the Wenzel
model relies on the assumption that the liquid droplet penetrates into the roughness
grooves. Contrary to this, Cassie and Baxter developed a model to describe a liquid droplet
on a chemically heterogeneous surface, in which the droplet does not penetrate into the
roughness grooves. [129] The models derived from the Wenzel and Cassie-Baxter are
both approximations and thus, does not apply for every real surface. Due to its ease of
operation, contact angle measurements became an invaluable characterization technique
in material science.

2.4.2 Atomic force microscopy
Atomic force microscopy (AFM) is a frequently employed high-resolution technique in
surface science with a maximum resolution of fractions of a nanometer. AFM enables to
characterize a given material surface in respect to its topography as well as
nanomechanical characteristics. A typical AFM consists of a spring-loaded nanoscopic
needle (cantilever) with a sharp tip, which is carried by a support (leaf), to scan the
specimen surface in a pre-defined pattern, as illustrated in Figure 15. The tip is usually
composed of silicon or silicon nitride with a curvature of the order of nanometers. In a
typical AFM experiment the cantilever tip is brought into proximity of the sample surface,
where upon forces between the tip and the sample lead to a deflection of the cantilever
following Hook’s law. The acting forces including capillary forces, van der Waals forces,
mechanical contact forces and chemical bonding during an AFM experiment are strongly
dependent on the experimental set-up as well as on the inherent nature of the sample
surface. In general, an AFM scan can be operated under three different modes:

I)

Contact mode: In contact mode the cantilever tip is dragged through the sample
surface and the contours of the sample surface are recorded by using either the
deflection of the cantilever or using the feedback signal required to hold the
cantilever at a constant position. This mode requires cantilevers with a low
stiffness due to the measurement of a static signal and is prone to noise and
drift.

II)

Tapping mode: At ambient conditions, most samples are enclosed by liquid
meniscus layer. Due to this, the cantilever tip is sufficiently close to the sample
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surface for short-range forces and thus, allows to detect these forces by
preventing the tip from sticking to the surface. In the tapping mode, the
cantilever oscillates up and down or near the resonance frequency and the
oscillation amplitude is kept constant by applying a constant driving signal.
When the cantilever tip is brought sufficiently close to the sample surface,
amplitude decreases due to the acting forces between the surface and the tip.
Consequently, a topography image is recorded by keeping the force of the
intermittent contacts constant by means of an electronic feedback.
III)

Non-contact mode: In non-contact mode the cantilever tip is not in contact with
the sample surface. Consequently, the change of the resonance frequency is
due to attraction-repulsion interactions between the tip and the sample surface.
This mode is particularly useful for the investigation of soft tissues such as cells
or membranes.

Figure 15. Basic set-up of an AFM equipped with a four-segment photodiode, Piezo
actuator and feedback system (FS). The small deflections of the elastic cantilever are
recorded by a four-section split photodiode, which transforms the optical signal of the laser
beam to an electric signal (IZ). The IZ value is directly proportional to the deflection of
the elastic cantilever. Reprinted with permission from ref. [130]. Copyright © 2004 V. L.
Mironov.
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2.4.3 X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) or electron spectroscopy for chemical analysis
(ESCA) is a quantitative technique to determine the elemental composition of the surface
of a material as well as to determine the binding states of elements. [131] XPS relies on
the determination of the kinetic energy spectrum of photoelectrons ejected from the
surface of a specimen in vacuum by the irradiating X-way beam having a constant energy,
as illustrated in Figure 16. Since the energy of the irradiating X-ray beam is known and the
kinetic energy of emitted electrons is measured, the electron binding energy can be
calculated by using equation 13.
𝐸𝐵𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑃ℎ𝑜𝑡𝑜𝑛 – (𝐸𝐾𝑖𝑛𝑒𝑡𝑖𝑐 + 𝜙)

(13)

where EBinding is the binding energy, EPhoton is the energy of the X-ray photons, EKinetic is the
kinetic energy of the electron and  is the work function, which is dependent on the
spectrometer and material.
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Figure 16. Illustration of the fundamental principle of an XPS measurement.
Due to its sensitivity upon impurities, XPS requires to be operated at ultra-high vacuum
conditions in order to minimize the appearance of errors and inaccuracies. With the
capability for obtaining quantitative elemental composition, electronic and chemical state
and overlayer thickness information from the top 10 nm of the sample surface, XPS has
become one of the most frequently used techniques in academia and industry to
characterize thin films.
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2.4.4 Infrared reflection absorption spectroscopy
Infrared reflection absorption spectroscopy (IRRAS) is a non-destructive technique for the
investigation of thin films adsorbed on reflective substrates such as metals. The
fundamental principle of IRRAS relies on the measurement of the change in the reflectance
spectrum of the substrate that accompanies adsorption. To enhance the sensitivity, the
reflectance spectrum is recorded at grazing incidence of the infrared beam, as illustrated
in Figure 17. Due to its high sensitivity, IRRAS allows to investigate thin layers of up to
<10–4 monolayers. In addition, IRRAS is performed under ambient pressure as compared
to electron-based spectroscopy techniques such as XPS and the ease with which its
results can be correlated from other vibrational spectroscopies such as ATR-IR
spectroscopy. Since, IRRAS requires an IR reflective substrate surface, its rather limited
to the investigation of adsorbed thin films on substrate surfaces with high IR reflectivity
such as gold or other metals.

Figure 17. Schematic diagram of reflection of an infrared beam with a grazing angle at a
metal surface. Reprinted with permission from ref. [132]. Copyright © 2018 Springer
Nature.
Due to its ease of operation and high sensitivity, IRRAS became a very powerful technique
to investigate thin polymer films adsorbed on surfaces with high IR reflectivity.
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2.5 Micromechanical analysis
In the last decades, fracture mechanics become a powerful tool in material science to
improve the performance of materials and engineering components. Fracture mechanics
deal with the physics of stress and strain behavior of materials and enable the analysis of
the micromechanical characteristics of a material. The fundamental principle of such a
micromechanical analysis is to apply a force to a particular material in order to initiate crack
propagation within the material matrix or at a material interface. [133] Such crack
propagation phenomena can be classified into three primary modes that define the
orientation of a crack relative to the stress loading. In general, a crack can be loaded in
one mode or in a combination of these modes, as illustrated in Figure 18.

Figure 18. Three primary modes of failure in fracture mechanics. Reprinted with
permission from ref. [134]. Copyright © 2017 U. Hirn.
A) Mode I fracture (opening/peeling mode): A tensile stress is applied normal to the
plane of the crack.
B) Mode II fracture (sliding mode): A shear stress is applied parallel to the plane of the
crack and perpendicular to the crack front.
C) Mode III fracture (tearing mode): A shear stress is applied parallel to the plane of
the crack as well as parallel to the crack front.
The most common fracture failure of a material is caused by a Mode I-type crack
propagation. Due to this, the micromechanical analysis of engineering components
typically considers a Mode I-type crack propagation. In addition, material failures caused
by a Mode I fracture are considered as the worst-case situation in the material failure of
an engineering component.
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The development of a glass fiber composite material with superior material characteristics
requires a rational design principle of the material structure and material boundaries. The
inherent material properties and mechanical limitations of the polymer phase (e.g. epoxy)
and the reinforcement material (e.g. glass) are essential to develop a deeper
understanding of the mechanisms, which govern the material characteristics of a
composite material. A commonly employed procedure to improve the mechanical
properties of such a glass fiber-based composites are the introduction of an interlayer
between the glass phase and polymer phase. For this purpose, low-molecular weight
silane coupling agents are employed as adhesives in order to increase the interfacial
adhesion between both phases. Nevertheless, this approach is rather limited to a small
set of silanes coupling agents and does not allow to control the structure and morphology
of the interlayer by means of the used precursor. More sophisticated approaches were
developed in order overcome these limitations, in which the low-molecular weight
precursors were substituted by polymeric precursors. Such an approach give rise to a new
level of spatial control over the interphase structure and thus, enable the preparation of
more complex structures and morphologies.
In fact, such modifications are often avoided due to high costs and elaborate procedures.
Furthermore, many employed polymers inherently show poor adhesion due to lack of polar
functional groups as well as low surface free energy. [135]
Since a plethora of materials encountered in nature are composite materials, nature
is a great source of inspiration for engineering and developing new composite materials
with superior material properties. Interestingly, such composite materials consist of
constituent materials with rather poor material properties that are interconnected through
an interphase with excellent spatial control over the interphase structure. Following these
observations, a rational design of the interphase is crucial to develop new composite
materials with superior mechanical properties.
Thus, the goal of this doctoral project is to develop an adequate polymer-based
glass/polyepoxide interphase with a spatially resolved structure in order to improve the
adhesion between glass polyepoxide matrix interphase as well as to improve the
mechanical properties of a glass/polyepoxide based composite materials, as illustrated in
Figure 19. The design of the interphase is inspired by the interphase between tendon and
bone, which links two chemically diverse materials with tremendously different elastic
moduli. This so-called tendon-to-bone insertion site is mimicked by using novel hybrid
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inorganic/organic copolymers with sol-gel active Si-OR moieties. To chemically attach
these copolymers to an epoxy matrix and glass surfaces, 2-hydroxyethyl methacrylate
(HEMA) is used as epoxy-compatible monomer and 3-(triethoxysilyl)propyl methacrylate
(TESPMA) as glass-compatible monomer. Owing to mimic the gradient composition of the
tendon-to-bone insertion site, hybrid inorganic/organic block and gradient copolymers are
used as precursor to fabricate hybrid sol-gel coatings. Herein, three main challenges have
to be tackled: i) Synthesis of well-defined block and gradient hybrid inorganic/organic
copolymers composed of TESPMA and HEMA. ii) Fabrication of sol-gel derived hybrid
inorganic/organic coatings on glass surfaces. iii) Analysis of the microscopic mechanical
properties.
Synthetic
effort
A

Epoxy matrix

Block copolymer

Lower

Hybrid inorganic/organic block copolymer

Glass surface

B

Epoxy matrix

=

=
HEMA

TESPMA
= Epoxy / PHEMA phase

Higher

=
Glass surface
= Glass / PTESPMA phase

Gradient copolymer
Hybrid inorganic/organic gradient copolymer

Glass surface

Figure 19. Schematic illustration of two methods to yield an inhomogeneous or gradient
distribution of inorganic and organic content in the polymer layer.
I) For the synthesis of well-defined block and gradient hybrid inorganic/organic copolymers
with sol-gel active Si–OR moieties RAFT polymerization was chosen due to its ease of
operation and reliability. Furthermore, it is envisaged to vary the length of the TESPMA
block length in order to control the film thickness of the hybrid coatings as well as to
synthesize copolymers with different gradient composition profiles.
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II) The fabrication of sol-gel based hybrid inorganic/organic coatings by using a sol-gel
grafting-onto spin-coating approach. This technique enables the preparation of
homogeneous thin polymer films by using sol-gel chemistry. Secondly, the grafting-onto
approach allows to fully characterize the polymeric precursor in respect of their molecular
weight, dispersity and microstructure as compared to a grafting-from approach. The hybrid
coatings will be characterized in respect of their surface characteristics and structural
composition by using common characterization techniques such as AFM, XPS or contactangle measurements.

III) To correlate the structural characteristics of the interface to the microscopic properties
of the composite a simplified glass slide custom-built tensile test shall be developed and
used instead of a single-fiber pull-out test. This model-system allows to use glass slides
with well-defined polymer layer thicknesses, instead of using coated glass fibers with a
heterogenous distribution of polymer layer thicknesses. The micromechanical properties
will be evaluated by employing a tensile strength test.

45

4 Results and Discussion

4 Results and Discussion
4.1 Preparation of hybrid inorganic/organic block copolymers
This chapter deals with the synthesis of well-defined hybrid inorganic/organic diblock
copolymers composed of 2-tetrahydropyranylethyl methacrylate (THP-HEMA) and 3(triethoxysilyl)

propyl

methacrylate

(TESPMA)

and

3-(triisopropoxysilyl)

propyl

methacrylate (IPSMA) via RAFT-mediated polymerizations in 1,4-dioxane. The reaction
parameters of each polymerization were carefully investigated and evaluated in order to
afford diblock copolymers with narrow MWD and precise microstructures. In addition, this
chapter includes a brief discussion of the employed protecting group 2-tetrahydropyranyl
(THP) group.

4.1.1 Synthesis of THP-HEMA
Owing to synthesize hybrid inorganic/organic copolymers with precise microstructures and
narrow MWD a protecting group was introduced to mask the nucleophilic OH functionality
of 2-hydroxyethyl methacrylate (HEMA), in order suppress the reaction between
nucleophilic OH functionalities and Si-OR functionalities, as displayed in Scheme 6.
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Scheme 6. Proposed mechanism of the HEMA–TASPMA–Adduct formation during
copolymerization of HEMA and a TASPMA monomer .
The THP group is a widely used protecting group in chemical synthesis to mask OH
containing compounds such as HEMA and can be introduced under various conditions
including acid mediated, neutral agent mediated, heterogeneous catalyst mediated as well
as miscellaneous. Additionally, THP groups are easily removable under mild acidic
conditions. [136] In general, strong acids such as p-toluenesulfonic acid (PTSA) require
shorter reaction times and lower temperatures than weaker acids such as pyridinium ptoluenesulfonate (PPTS) to regain the OH functionality. Previously, HEMA (1) was
converted with 3,4-dihydro-2H-pyrane (DHP, 3) and PTSA as catalyst to 246
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tetrahydropyranylethyl methacrylate (THP–HEMA, 2) in diethyl ether at mild reaction
conditions. [137-139] However, herein was employed an adapted procedure from
Miyashita and co-workers by using using PPTS (4) mediated protection of HEMA in
dichloromethane at room temperature, as depicted in Scheme 7. [140] The first procedure
lead to the formation of ethylene glycol dimethacrylate (EGDMA) as side product, due to
the acid catalyzed transesterification of HEMA. This side reaction could be successfully
suppressed by employing a milder acid catalyst such as PPTS.
O
1.5 eq.
O

3

O

OH
1

DCM, r.t., 4 h, 92%
O
O
S
0.1 eq.
O
4

H3C

O

O

O
N
H

O

2

Scheme 7. Synthesis of THP–HEMA.
The general mechanism of the acid mediated THP protection relies on the nucleophilic
attack of a OH functionality at a resonance stabilized oxocarbenium-ion, as illustrated in
Scheme 8.
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Scheme 8. General mechanism of the acid mediated THP protection of a primary alcohol.
Using the adapted procedure of Miyashita and co-workers, THP–HEMA was synthesized
in high purity (> 99%) and high yield of 92%, as shown in the 1H NMR spectrum of the final
product (see Figure 49, 7.1 Appendix).

4.1.2 Synthesis of P(THP–HEMA)
Schubert et. al. reported the synthesis of well-defined THP-HEMA homopolymers and
copolymers by using 4-cyano-4-(thiobenzoylthio)pentanoic acid (CBPA) mediated RAFT
polymerization in ethanol at 70 °C.[138, 139] Following Schubert’s procedure, CBPA as
well as 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTSPA) were
used as CTA, since both CTAs are well suited for the polymerization of methacrylates in a
protic polar environment (e.g. ethanol) or a non-protic polar environment (e.g. 1,4dioxane). The RAFT polymerizations of THP-HEMA were carried out in anhydrous 1,447
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dioxane under various temperatures by using azobisisobutyronitrile (AIBN) as initiator, as
shown in Scheme 9. In order to minimize chain end defects and ensure a high chain end
fidelity the CTA/initiator ratio was set to four.
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Scheme 9. Synthesis of P(THP–HEMA) via CDTSPA and CBPA mediated RAFT
polymerization in 1,4-dioxane at various temperatures.
The obtained homopolymers with a targeted degree of polymerization (DPtarget) of 100 were
characterized according to their molecular weight, dispersity as well as conversions and
compared in respect of all of these parameters. For this purpose, molar masses and
conversions of homopolymers were estimated according to equation 14 and 15 by 1H NMR
analysis.

𝑀𝑛𝑁𝑀𝑅 = 𝑐𝑜𝑛𝑣𝑁𝑀𝑅 ∙ 𝐷𝑃𝑡𝑎𝑟𝑔𝑒𝑡 ∙ 𝑀𝑀𝑜𝑛𝑜𝑚𝑒𝑟 + 𝑀𝐶𝑇𝐴

𝑐𝑜𝑛𝑣𝑁𝑀𝑅 =

𝐼4.6𝑝𝑝𝑚 − 𝐼6.1𝑝𝑝𝑚
𝐼4.6𝑝𝑝𝑚

(14)

(15)

where [CTA]0 is the initial CTA concentration, MMonomer is the molar mass of the monomer,
and MCTA is the molar mass of the CTA. The conversion (convNMR) was calculated by
comparing the integral of the polymeric proton signal at 4.6 ppm and the monomeric proton
signal at 6.1 ppm, as illustrated in Figure 20. In addition, gel-permeation-chromatography
(GPC) was used to determine dispersities and molar masses of the homopolymers, as
summarized in Table 2. Both experimental data estimated by 1H NMR analysis and
determined by GPC, are summarized in Table 2. The GPC curves in Figure 21 clearly
show a loss of control over the polymerization at 70 and 80 °C due to thermal
decomposition of CBPA, as indicated by the bimodal distribution of the GPC traces and
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an increased dispersity from 1.28 to 1.55 (P5–P6). In contrary, the GPC traces of the
CDTSPA mediated RAFT polymerizations exhibit monomodal distributions with
dispersities ranging from 1.14 to 1.19, suggesting a higher level of control over the
polymerization kinetics under various temperatures. In addition, CDTSPA mediated RAFT
polymerizations yielded THP–HEMA homopolymers (P1–P3) with consistently high
conversions of over 85%. Comparing both experimental data of both employed CTAs at
60, 70 and 80 °C, CDTSPA-mediated RAFT polymerizations exhibit more consistent
experimental data and thus, was used as CTA of choice.

Table 2. Synthesis of P(THP–HEMA) via CDTSPA and CDBPA mediated RAFT
polymerizations at various temperatures.
T

convNMR

MnNMR

Entrya

Đb

DPnNMR
(°C)

(%)

(kDa)

P1

60

86.3

18.9

P2

70

93.3

20.4

P3

80

91.9

20.1

P4

60

85.9

18.7

P5

70

92.0

20.0

P6

80

81.8

17.3

aConditions:

MnGPC b

[CDTSPA]0/[AIBN]0/[THP–HEMA]0

(kDa)
P(THP–
HEMA)86
P(THP–
HEMA)93
P(THP–
HEMA)92
P(THP–
HEMA)86
P(THP–
HEMA)92
P(THP–
HEMA)82
=

17.1

1.14

19.2

1.15

17.3

1.19

20.0

1.13

21.7

1.28

21.7

1.55

1/0.25/100

(P1–P3)

and

[CBPA]0/[AIBN]0/[THP–HEMA]0 = 1/0.25/100 (P4–P6). bObtained from GPC relative to
linear polymethyl methacrylate standards in THF at 25 °C.
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Figure 20. 1H NMR spectrum of THP–HEMA and P(THP–HEMA) mixture (top) and
P(THP–HEMA) after purification (center and bottom) in DMSO–d6.

Figure 21. GPC traces of P(THP–HEMA) via CDTSPA mediated (left) and CBPA mediated
(right) RAFT polymerizations at various temperatures.
According to the experimental data, the optimal reaction parameter set to afford P(THP–
HEMA) with narrow MWD and high molar masses is the CDTSPA mediated RAFT
polymerization at 70 °C in 1,4-dioxane (P2). In summary, well-defined P(THP-HEMA)
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polymers with molar masses of up to 20.4 kDa and narrow MWD were obtained via
CDTSPA mediated RAFT polymerizations in 1,4-dioxane.

4.1.2.1 Acid mediated deprotection of P(THP–HEMA)
In order to remove the pendant THP-groups from the polymer the side chains and to regain
the nucleophilic OH functionality, three different deprotection procedures were tested. The
deprotection of P(THP–HEMA) was adapted from previously reported procedures, wherein
PTSA (pKa = 0.7), AcOH (pKa = 4.76) and PPTS (pKa = 5.21) were used as deprotection
agents. The reactions were carried out in protic environments at temperatures ranging
from room temperature to 55 °C, as shown in Scheme 10.
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Scheme 10. Acidic deprotection of P(THP–HEMA).
The general mechanism of the acid mediated cleavage of THP ether is based on the
nucleophilic ring opening of the pyrane ring under release of 5-hydroxypentanal as side
product, as illustrated in Scheme 11.
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Scheme 11. General mechanism of the THP-ether deprotection.
Deprotection efficiencies of the individual procedures A–C were estimated by 1H NMR
analysis, as depicted in Figure 22. Deprotection efficiencies were calculated by comparing
the peak area of the tertiary proton of the cyclic acetal at 4.6 ppm and the peak area of the
appearing OH protons at 4.8 ppm, as detailed in Equation 16.

𝐼4.8𝑝𝑝𝑚
𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =
𝐼4.6𝑝𝑝𝑚 + 𝐼4.8𝑝𝑝𝑚

51

(16)

4 Results and Discussion
According to 1H NMR analysis, the PTSA and PPTS mediated reactions show a
quantitative deprotection of over 99% efficiency yielding pure PHEMA as pure product
after purification. Contrary to these findings, AcOH mediated deprotection exhibit a lower
deprotection efficiency of 89% yielding copolymers composed of HEMA and THP–HEMA.
Due to the high deprotection efficiency and mild reaction temperatures, the PTSA
mediated deprotection was used as method of choice.
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Figure 22. 1H NMR spectra in DMSO–d6 after acid mediated deprotection of P(THP–
HEMA). A) PTSA, methanol, r.t., 24 h. B) AcOH, THF/water, 45 °C, 24 h. C) PPTS, ethanol,
55 °C, 24 h.

4.1.2.2 Thermal properties of P(THP–HEMA) and deprotected P(THP–HEMA)
Thermogravimetric analysis (TGA) and Differential Scanning Calorimetry (DSC) were
employed to further prove the successful cleavage of the pendant THP-groups and
characterize both polymers in respect to their decomposition patterns and phase transition
characteristics, as demonstrated in Figure 23.
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Figure 23. TGA thermograms (left) and DSC curves (right) of P(THP–HEMA) and
deprotected P(THP–HEMA). The red curves denote P(THP–HEMA) and the blue curves
denote deprotected P(THP–HEMA).
P(THP–HEMA) reveals a two-step degradation pattern. The first degradation-step is
observed between 170 °C and 250 °C (~ 50% mass loss), which corresponds most likely
to the loss of the pendant THP groups (~ 40% calculated mass loss). The second
degradation step occurs between 300 °C and 450 °C, which is attributed to the degradation

of PHEMA. These findings are consistent with previously reported data.[138]
Deprotected P(THP–HEMA) shows a one-step degradation pattern with a transition
between 350 °C and 450 °C, which is consistent with thermal stability studies of
PHEMA.[141] The small transition between 220 °C and 250 °C could be attributed to
the loss of the long alkyl chain of the RAFT agent chain ends. According to DSC
measurements, P(THP–HEMA) exhibits a single Tg at (3.7 ± 1) °C, whereas the glass
transition of deprotected P(THP–HEMA) is shifted to higher temperatures giving a Tg t
of (79.8 ± 1) °C. The Tg of deprotected P(THP–HEMA) is consistent to the Tg of PHEMA
(75 °C).[141] The slightly shift to higher temperatures might be attributed to the nature
of the RAFT agent chain ends. These observations are consistent with findings of the
1H

NMR analysis and thus, clearly demonstrate the successful and quantitative

cleavage of the pendant THP-groups from the polymer side chains.

4.1.3 Synthesis of P(THP–HEMA)-b-PTESPMA and P(THP–HEMA)-b-PIPSMA
To synthesize hybrid inorganic/organic diblock copolymers (BCP) composed of THP–
HEMA, TESPMA (5) and IPSMA (6) a macroinitiator MacroCTA-approach was used, due
to its ease of operation and versatility. For this reason, P2 (MnNMR = 20.4 kDa, Đ = 1.15)
was employed as MacroCTA and AIBN as initiator to synthesize P(THP–HEMA)-b53
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PTESPMA in a controlled fashion, as shown in Scheme 12. The MacroCTA/Initiator ratio
was set to two in order to reach a high re-initiation efficiency.
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Scheme 12. Synthesis of P(THP–HEMA)-b-PTESPMA via MacroCTA mediated RAFT
polymerizations at various temperatures.
The molecular weights and conversions of BCP were estimated according via 1H NMR
analysis, as shown in Figure 24, and calculated by using equation 14 and 17. To study the
temperature dependence of the re-initiation efficiency of the MacroCTA mediated RAFT
polymerization, the synthesis of BCP1-3 was conducted under 60, 70 and 80 °C in
anhydrous 1,4-dioxane.

𝑐𝑜𝑛𝑣𝑁𝑀𝑅

Table

3.

𝐼0.6𝑝𝑝𝑚
2 − 𝐼6.0𝑝𝑝𝑚
=
𝐼0.6𝑝𝑝𝑚
2

Synthesis of P(THP–HEMA)-b-PTESPMA

(17)

in 1,4-dioxane at

various

temperatures.
convNMR

MnNMR

(%)

(kDa)

60

92.5

47.2

BCP2

70

92.3

47.1

BCP3

80

90.3

46.5

Entrya

T (°C)

BCP1

aConditions:

DPn+mNMR
P(THP–HEMA)93b-PTESPMA93
P(THP–HEMA)93b-PTESPMA92
P(THP–HEMA)93b-PTESPMA90

MnGPC b
(kDa)

Đb

46.8

1.25

37.4

1.37

44.6

1.94

[MacroCTA]0/[AIBN]0/[TESPMA]0 = 1/0.5/100. bObtained from GPC relative to

linear polymethyl methacrylate stnadards in THF at 25 °C.
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The experimental data of the obtained BCPs are summarized in Table 3. According to 1H
NMR analysis, the chain extension of the P2 MacroCTA proceeded with high conversions
of over 90% at all three temperatures along with dispersities ranging from 1.25 to 1.94.
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Figure 24. 1H NMR spectrum of crude P(THP–HEMA)-b-PTESPMA (top) and P(THP–
HEMA)-b-PTESPMA (bottom) after purification in CDCl3.
The afforded P(THP–HEMA)-b-PTESPMA copolymers display a broader MWD by
increasing the temperature from 60 °C to 80 °C, as displayed in Figure 25. In addition,
BCP3 shows a slight shoulder at higher molar masses, indicating intermolecular
crosslinking of the Si-OCH2CH3 moieties at higher temperatures. In order to afford BCPs
with precise structure and narrow MWD with various TESPMA (5) block lengths, the
synthesis of BCPs were carried out 60 °C in 1,4-dioxane. In addition, IPSMA based BCPs
were synthesized by using the same MacroCTA approach at 60 °C in 1,4-dioxane. IPSMA
(6) was employed as monomeric precursor, due to its bulkier and more hydrolytically stable
Si-OCH(CH3)2 moieties, as displayed in Scheme 13. Both obtained P3 and P4 block
copolymers were synthesized with various TESPMA and IPSMA block lengths of 100, 50
and 25, as listed in Table 4. According to 1H NMR analysis the chain extension of P(THP–
HEMA)-MacroCTA with TESPMA proceeded with conversions ranging from 88.7% to
92.5% (BCP 4–6), whereas the chain extension of P(THP–HEMA)-MacroCTA with IPSMA
achieved conversions ranging from 78.7% to 92.2% (BCP7–9). The overall lower
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conversions could be attributed to the higher steric hindrance of the Si-OCH(CH3)2
moieties as well as to impurities within IPSMA.

Figure 25. GPC traces of P(THP–HEMA)-b-PTESPMA synthesized at various
temperatures.
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Scheme 13. Synthesis of P(THP–HEMA)-b-PIPSMA (left) and P(THP–HEMA)-bPTESPMA (right).
The GPC traces of BCP4-6 and BCP8-9 exhibit a unimodal shape with reasonably narrow
MWDs, indicating a high re-initiation efficiency of the P(THP–HEMA)-MacroCTA and
overall good control over the polymerization, as demonstrated in Figure 26. BCP6 exhibits
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a shoulder at higher molecular masses, indicating intermolecular crosslinking of the
pendant Si-OCH2CH3.

Table 4. Synthesis of P(THP–HEMA)-b-PTESPMA and P(THP–HEMA)-b-PIPSMA in 1,4dioxane at 60 °C.
convNMR

MnNMR

(%)

(kDa)

BCP4

92.5

47.2

BCP5

90.4

34.3

BCP6

88.7

26.8

BCP7

78.7

46.6

BCP8

92.2

35.7

BCP9

80.4

27.2

Entrya

aConditions:

(kDa)

P(THP–HEMA)93PTESPMA93
P(THP–HEMA)93PTESPMA45
P(THP–HEMA)93PTESPMA22
P(THP–HEMA)93PIPSMA79
P(THP–HEMA)93PIPSMA43
P(THP–HEMA)93PIPSMA20

[MacroCTA]0/[AIBN]0/[Monomer]0

[MacroCTA]0/[AIBN]0/[Monomer]0

MnGPC b

DPn+mNMR

=

=

1/0.5/100

1/0.5/50

46.8

1.25

30.7

1.23

27.3

1.34

101.8

4.70

32.8

1.16

25.1

1.21

(BCP4

(BCP5

Đb

&

&

BCP7),
BCP8),

MacroCTA]0/[AIBN]0/[Monomer]0 = 1/0.5/25 (BCP6 & BCP9). bObtained from GPC relative
to linear polymethyl methacrylate stnadards in THF at 25 °C.
Similarly, BCP9 shows a multimodal peak distribution with a maximum at 100,000,000 Da
and two minor peaks between 100,000 Da and 10,000 Da. These observations suggest
an inefficient re-initiation of the employed MacroCTA as well as poor control over the
polymerization. Furthermore, these observations might be attributed to intermolecular
crosslinking of the pendant Si-OCH2(CH3)2 moieties. The intermolecular crosslinking of the
sol-gel active Si–OR motifs might be attributed to residual water within the reaction vessel
as well as atmospheric moisture during purification, Thus, after purification the BCPs were
stored in anhydrous THF at a concentration of 100 mg mL –1 in order to inhibit the formation
of silica aggregates. In summary, P(THP–HEMA)-b-PTESPMA with molar masses ranging
from 27.3 kDa to 46.8 kDa with reasonable narrow MWD were obtained by using a twostep MacroCTA approach in 1,4-dioxane at 60 °C. In addition, P(THP–HEMA)-b-PIPSMA
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with IPSMA block lengths of 20 and 43 exhibits narrow MWD with molar masses ranging
from 25.1 kDa to 32.8 kDa. Nevertheless, BCP9 reveals a multimodal MWD as well as
ultra-high molar mass of 101.8 kDa. Following these findings, both TESPMA and IPSMA
based BCPs were analyzed with TGA in order to test their thermal stability.
BCP4

BCP5

BCP7

BCP8

BCP6

BCP9

Figure 26. GPC traces of P(THP-HEMA)-b-PTESPMA (BCP4–6) and P(THP-HEMA)-bPIPSMA (BCP7–9) with various TESPMA and IPSMA block length. The dashed black GPC
traces denote the P(THP–HEMA) MacroCTA.

4.1.3.1 Thermal properties of P(THP–HEMA)-b-PTESPMA and P(THP–HEMA)-bPIPSMA
The decomposition patterns and thermal stabilities of the individual TESPMA and IPSMA
based BCPS were studied via TGA under a nitrogen flow rate of 30 mL min–1 and a
temperature range of 25 °C to 600 °C. The TGA curves of the individual TESPMA and
IPSMA based BCPs are displayed in Figure 27. In general, all BCPs reveal a two-step
decomposition pattern, in which the first decomposition step is associated with the loss of
the pendant THP groups. The second decomposition step might be related to the
decomposition of the polymer backbone of the organic block segment and the inorganic
block segment of the BCPs. Interestingly, the second decomposition step between is
shifted to higher temperatures by increasing the TESPMA and IPSMA block length,
indicating a higher thermal stability.
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Figure 27. Thermogravimetric analysis of PTHP–HEMA93-b-PTESPMA93 (red curve),
PTHP–HEMA93-b-PTESPMA45 (green curve), PTHP–HEMA93-b-PTESPMA22 (blue curve),
PTHP–HEMA93-b-PIPSMA43 (orange curve) and PTHP–HEMA93-b-PIPSMA20 (violet
curve).
These findings are consistent with previously reported thermal stabilities of hybrid
inorganic/organic (nano)objects composed of (P)HEMA and SiO2, the thermal stability of
which could be increased by increasing the mole fraction of SiO2. [142, 143]

4.2

Preparation

of

hybrid

inorganic/organic

statistical/gradient

copolymers
In the previous chapter the preparation of well-defined THP–HEMA and TESPMA block
copolymers by employing a two-step MacroCTA approach was discussed. Since, this
technique is limited to the preparation of diblock copolymers and thus, does not allow the
synthesis of well-defined gradient copolymers. This chapter includes a detailed description
of the synthesis of P(THP–HEMA)-grad-PTESPMA by using a semi-batch forced gradient
approach. For the preparation of such gradient copolymers, it is advantageous to have a
deeper understanding of the copolymers kinetics of the given comonomer system. For this
reason, this chapter includes further a detailed description and analysis of the
copolymerization kinetics as well as the determination of the reactivity ratios of the THP–
HEMA/TESPMA comonomer system.
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4.2.1 Synthesis of P(THP–HEMA)-stat–PTESPMA and estimation of reactivity ratios
To gain a deeper understanding of the copolymerization kinetics of a given comonomer
pair such as THP–HEMA/TESPMA, P(THP–HEMA)-stat-PTESPMA copolymers with
different molar fractions of THP–HEMA and TESPMA were synthesized. The
copolymerization of THP–HEMA and TESPMA was carried out in 1,4-dioxane at 70 °C
with different THP–HEMA:TESPMA feed ratios (5:1, 3:1, 1:1, 1:3, 1:5) by employing
CDTSPA as CTA and AIBN as initiator, as displayed in Scheme 14. The overall targeted
degree of polymerization was set to 100 and the CTA/initiator ratio was set to four in order
to minimize the appearance of chain defects. The concentration of the comonomer mixture
was set to 1 mmol mL–1. The copolymerization kinetics of THP–HEMA and TESPMA were
investigated by using 1H NMR analysis. Therefore, aliquots were taken at given time
intervals and analyzed in respect to the monomer conversion, molecular weight and molar
composition. The individual monomer conversions of THP–HEMA and TESPMA were
estimated by comparing the peak areas of the vinylic protons of THP–HEMA and TESPMA
at 6.13 ppm and 6.09 ppm with the polymeric protons of P(THP–HEMA) at 4.6 ppm and
PTESPMA at 0.6 ppm, as shown in Figure 28. The individual monomer conversion of
THP–HEMA and TESPMA were calculated according to Equation 11 and Equation 11
respectively.
O

O

+

O

O

O

CDTSPA
O

O

CN

S

HO

AIBN, 1,4-dioxane, 70 °C, 24 h

O
O
Si
O

m

n
O

OO

O

O

S
S

CH3
11

O
O
O
Si
O

Scheme 14. Synthesis of P(THP–HEMA)-stat-PTESPMA.
According to 1H NMR analysis, the copolymerization’s with different feed ratios of THP–
HEMA and TESPMA proceeded with conversions of 89–97% and 83–95% respectively,
as shown in Figure 29. The molecular weights (MnNMR) of the given copolymers were
calculated according to equation 18.

𝑀𝑛𝑁𝑀𝑅 = (𝑐𝑜𝑛𝑣 𝑁𝑀𝑅
𝑇𝐻𝑃–𝐻𝐸𝑀𝐴 ∙ 𝐷𝑃𝑇𝐻𝑃–𝐻𝐸𝑀𝐴 ∙ 𝑀𝑇𝐻𝑃–𝐻𝐸𝑀𝐴 )
+(𝑐𝑜𝑛𝑣 𝑁𝑀𝑅
𝑇𝐸𝑆𝑃𝑀𝐴 ∙ 𝐷𝑃𝑇𝐸𝑆𝑃𝑀𝐴 ∙ 𝑀𝑇𝐸𝑆𝑃𝑀𝐴 ) + 𝑀𝐶𝐷𝑇𝑆𝑃𝐴
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where MCDTSPA and MTHP-HEMA/TESPMA are the molecular weights of the CTA and
monomers, Conv.THP-HEMA/TESPMA are the individual monomer conversions and
DPTHP-HEMA/TESPMA are the targeted degree of polymerization of each monomer.
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Figure 28. 1H NMR spectrum of crude P(THP–HEMA)-stat-PTESPMA (top) and purified
P(THP–HEMA)-stat-PTESPMA (bottom) in CDCl3. The inset shows the vinylic proton
signals of THP–HEMA and TESPMA between 6.00 and 6.20 ppm.
The AIBN initiation of propagating chains was neglected as well as the initiation efficiency
was set to one. The linear increase of the calculated MnNMR values over the total monomer
conversion of the P(THP–HEMA)-stat-PTESPMA copolymers clearly demonstrate good
control over the copolymerization kinetics, as demonstrated in Figure 30B. These findings
are consistent with the linear first order kinetic plots, as displayed in Figure 30C. To assess
the effect of the comonomer composition on the polymerization rate, the total monomer
conversion was plotted against the reaction time, as shown in Figure 30A. According to
these data, the overall monomer conversion decreases from 96% to 86% with increasing
molar fraction of TESPMA. This effect might be attributed to a lower rate of propagation of
TESPMA as well as increased retardation due to the chemical nature of TESPMA. To
qualitatively evaluate the comonomer reactivity of both monomers, the evolution of the
monomer composition with total monomer conversion was estimated with
analysis, as displayed in Figure 31.
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Figure 29. Individual monomer conversions versus time of THP–HEMA (rhombi) and of
TESPMA (triangles) at different THP–HEMA/TESPMA feed ratios. Conditions: THP–
HEMA:TESPMA (5:1, red), THP–HEMA:TESPMA (3:1, green), THP–HEMA:TESPMA
(1:1, blue), THP–HEMA:TESPMA (1:3, orange) and THP–HEMA:TESPMA (1:5,
magenta).
A

B

C

Figure 30. A) Total monomer conversion versus time at different THP–HEMA/TESPMA
feed ratios. B) Corresponding plots of the number-average molecular weight (Mn) versus
total monomer conversion. C) First order kinetic plots of the copolymerization THP–
HEMA/TESPMA at different feed ratios. Conditions: THP–HEMA:TESPMA (5:1, red),
THP–HEMA:TESPMA

(3:1,

green),

THP–HEMA:TESPMA

(1:1,

HEMA:TESPMA (1:3, orange) and THP–HEMA:TESPMA (1:5, magenta).
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A

B

Figure 31. A) Incorporated mole fraction of THP–HEMA (FTHP–HEMA) versus total monomer
conversion at different THP–HEMA/TESPMA ratios. B) Incorporated mole fraction of
TESPMA (FTESPMA) versus total monomer conversion at different THP–HEMA/TESPMA
ratios. The dashed lines correspond to the mole fractions of THP–HEMA and TESPMA
feed. respectively. Conditions: THP–HEMA:TESPMA (5:1, red), THP–HEMA:TESPMA
(3:1, green), THP–HEMA:TESPMA (1:1, blue), THP–HEMA:TESPMA (1:3, orange) and
THP–HEMA:TESPMA (1:5, magenta).
To obtain the reactivity ratios the experimental data were fitted with a least square
nonlinear fit (LSNF), which yield rTHP–HEMA = 0.97 and rTESPMA = 1.01 at low conversions as
well as rTHP–HEMA = 0.99 rTESPMA = 1.04 at medium conversions, as shown in Figure 32.
According to the LSNF method, the reactivity ratios of THP–HEMA and TESPMA are equal
to one and thus, demonstrating the formation of ideal random copolymers. To verify these
findings, the Kelen-Tüdos-Method (KTM) and Extended-Kelen-Tüdos-Method (EKTM)
were employed to determine the reactivity ratios of the given monomer pair. Both methods
rely on the definition of three new experimental parameters 𝛼, ξ and η, which usually results
in a more uniform data distribution. The KTM and EKTM parameters are summarized in
Table 7 and 8. Due to the similar reactivities of both monomers, the distribution factor 𝛼
was set to one. To afford the reactivity ratios via KTM and EKTM η was plotted against ξ,
as shown in Figure 33. The linear data fit gives
(𝜉 = 1). [111, 112]
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Figure 32. Corresponding plots of the calculated incorporated THP-HEMA fraction (FTHP–
HEMA)

versus theoretical THP–HEMA fraction (fTHP–HEMA) at low conversion (A) and medium

conversion (C). Corresponding plots of the calculated incorporated TESPMA fraction
(FTESPMA) versus theoretical TESPMA fraction (fTESPMA) at low conversion (B) and medium
conversion (D).
According to the KTM and EKTM plot, the reactivity ratios are rTHP–HEMA = 1.20 and rTESPMA
= 1.16 (KTM) as well as rTHP–HEMA = 0.96 and rTESPMA = 0.95 (EKTM). The reactivity ratios
derived from the EKTM are in good agreement with the reactivity ratios determined via the
LSNF method and thus, verify the formation of ideal random copolymers. Nevertheless,
the reactivity ratios determined via the KTM show a slight shift to higher values. This
deviation is consistent with previously reports, in which the determination of reactivity ratios
at low conversions result in less accurate values due to the nature of the RAFT
polymerization. [144-146]
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Figure 33. A) Kelen-Tüdos-Plot of the CDTSPA mediated copolymerization of THP–
HEMA/TESPMA in 1,4-dioxane at 70 °C. B) Extended-Kelen-Tüdos-Plot of the CDTSPA
mediated copolymerization of THP–HEMA/TESPMA in 1,4-dioxane at 70 °C.
Table 5. Estimated molar fractions of THP-HEMA and TESPMA at low monomer
conversions.

THP–HEMA:TESPMA

fTHP-HEMA

fTESPMA

FTHP-HEMA

FTESPMA

convNMR

5:1

0.83

0.17

0.82

0.18

9

3:1

0.75

0.25

0.72

0.28

11

1:1

0.50

0.50

0.46

0.54

10

1:3

0.25

0.75

0.27

0.73

9

1:5

0.17

0.83

0.15

0.85

9

Table 6. Estimated molar fractions of THP-HEMA and TESPMA at medium monomer
conversions.

THP–HEMA:TESPMA

fTHP–HEMA

fTESPMA

FTHP–HEMA

FTESPMA

convNMR

5:1

0.83

0.17

0.84

0.16

38

3:1

0.75

0.25

0.75

0.25

45

1:1

0.50

0.50

0.45

0.55

34

1:3

0.25

0.75

0.23

0.77

35

1:5

0.17

0.83

0.14

0.86

41
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Table 7. KTM parameters for the CDTSPA mediated copolymerization of THP–HEMA and
TESPMA 1,4-dioxane at 70 °C.

THP–HEMA:TESPMA

𝑓=

𝑓𝑇𝐻𝑃−𝐻𝐸𝑀𝐴
𝑓𝑇𝐸𝑆𝑃𝑀𝐴

𝐹=

𝐹𝑇𝐻𝑃−𝐻𝐸𝑀𝐴
𝐹𝑇𝐸𝑆𝑃𝑀𝐴

𝐺=

𝐹(𝑓 − 1)
𝑓

𝐻=

𝐹2
𝑓

𝜉=

𝐻
(𝛼 + 𝐻)

𝜂=

𝐺
(𝛼 + 𝐻)

5:1

5.000

4.530

3.624

4.105

0.833

0.735

3:1

3.000

2.617

1.745

2.284

0.735

0.561

1:1

1.000

0.848

0.000

0.720

0.466

0.000

1:3

0.333

0.367

–0.734

0.404

0.329

–0.597

1:5

0.200

0.182

–0.728

0.166

0.167

–0.735

Table 8. EKTM parameters for the CDTSPA mediated copolymerization of THP–HEMA
and TESPMA 1,4-dioxane at 70 °C.
𝑙𝑜𝑔(1 − 𝜃𝑇𝐻𝑃−𝐻𝐸𝑀𝐴 )
𝑜𝑔(1 − 𝜃𝑇𝐸𝑆𝑃𝑀𝐴 )

𝜃𝑇𝐻𝑃−𝐻𝐸𝑀𝐴

𝜃𝑇𝐸𝑆𝑃𝑀𝐴

5:1

0.387

0.375

1.040

5.141

3.984

3:1

0.454

0.454

1.000

3.000

1:1

0.502

0.367

1.526

1:3

0.482

0.367

1:5

0.502

0.392

𝑍=

𝐹

(𝐹 − 1)
𝑍

THP-HEMA:TESPMA

𝐹
𝑍2

𝜉

𝜂

4.758

0.882

0.739

2.000

3.000

0.825

0.550

0.832

–0.110

0.357

0.360

–0.111

1.437

0.307

–0.482

0.148

0.190

–0.616

1.403

0.166

–0.594

0.085

0.118

–0.827

𝐺=

𝐻=

In summary, the detailed investigation of the CDTSPA mediated RAFT copolymerization
of THP–HEMA/TESPMA in 1,4-dioxane at 70 °C revealed the formation of ideal random
copolymers. Thus, the incorporated monomer fraction in the polymer chain is equal to the
monomer fraction in the comonomer feed. These observations are consistent with the
determined reactivity ratios of both monomers, which are close to one. Following these
findings, the change of the incorporated monomer fraction can be directly controlled by the
change of the comonomer feed during the copolymerization. Thus, a gradual change of
the comonomer feed yields copolymers with gradient compositions.

4.2.2 Synthesis of blocky P(THP–HEMA)-grad-PTESPMA
Since the batch copolymerization of THP–HEMA and TESPMA yields exclusively ideal
random copolymers, the synthesis of gradient copolymers requires the continuous addition
monomer B to a mixture of monomer A (feeding) or injection of a pre-defined amount of
monomer B to a mixture of monomer A (shot). The latter method yields so-called blocky
gradient or tapered copolymers, in which two monomer A-rich and monomer B-rich
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segments are interconnected through a mixed block segment with statistical distribution of
monomer A and B. Following this many-shot approach, a blocky P(THP–HEMA)-gradPTESPMA copolymer was synthesized by employing the same copolymerization
conditions as mentioned in section 4.2.1. To afford blocky gradient copolymers a mixture
of THP–HEMA/TESPMA (3:1) was copolymerized in batch for a given time interval and
after 3.5 and 7 h to the mixture was injected an 1M TESPMA solution, as demonstrated in
Figure 34. Since the conversion of THP–HEMA reached after 3.5 h 50% and after 7 h
85%, the first TESPMA shot altered the comonomer feed ratio from 3:1 to 1:1 and the
second shot from 1:1 to 1:3.
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Figure 34. Synthesis of blocky gradient copolymers composed of THP–HEMA and
TESPMA via CDTSPA mediated polymerization in 1,4-dioxane 70 °C. Comonomer feed
ratio of THP–HEMA/TESPMA over time (top). Composition of the blocky gradient
composed of THP–HEMA and TESPMA (center). GPC traces of the blocky gradient
copolymer after 3.5 h (blue), 7 h (green) and 24 h (red) (bottom).
According to 1H NMR analysis, this two-shot strategy yield a block-like gradient copolymer
with a “THP–HEMA-rich” block segment (FTHP–HEMA = 0.75, FTESPMA = 0.25), an intermediate
block segment (FTHP–HEMA = 0.50, FTESPMA = 0.50), and a “TESPMA-rich” block segment
(FTHP–HEMA = 0.29, FTESPMA = 0.71), as detailed in Table 9.
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Table 9. Copolymer composition of blocky P(THP–HEMA)-grad-PTESPMA.
“THP–HEMA-rich”

“Intermediate”

“TESPMA-rich”

block segment

block segment

block segment

DPTHP–

DPTESPMANMR

HEMANMR

DPTHP–

DPTHP–

DPTESPMANMR

HEMANMR

40

13

14

(3.1/1)
aConditions:

DPTESPMANMR

HEMANMR

14

15

36

(1/1)

(1/2.4)

[THP–HEMA]/[TESPMA][CDTSPA]0/[AIBN]0 = 75/25 to 75/1/0.25. The

CDTSPA mediated RAFT copolymerization was carried out in 1,4-dioxane at 70 °C.

However, the injection of TESPMA triggered the occurrence of undesired side reactions
as indicated by the appearing shoulder at higher molar masses in the GPC traces. These
observations might be attributed to different propagation rates of the macroradicals within
the copolymerization mixture as well as to an inefficient re-initiation. Since the two-shot
strategy results in the formation of blocky gradient copolymers with broadened MWD and
less defined microstructures, this technique was disregarded as useful technique to
prepare well-defined gradient copolymers composed of THP–HEMA and TESPMA. Thus,
the synthesis of hybrid inorganic/organic copolymers was continued by using a semi-batch
technique with continuous addition of TESPMA to a mixture of THP–HEMA.

4.2.3 Synthesis of P(THP–HEMA)-grad–PTESPMA
The preparation of P(THP–HEMA)-grad–PTESPMA (GCP) with smooth gradient
microstructures was accomplished by using a semi-batch forced gradient approach, as
depicted in Scheme 15. The copolymerization was carried out under similarl conditions as
mentioned in section 4.2.1.
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Scheme 15. Synthesis of P(THP–HEMA)-grad-PTESPMA by using a semi-batch forced
gradient approach.
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Since the copolymerization of THP–HEMA and TESPMA exhibits ideal random
characteristics, the gradual change from incorporated THP–HEMA to incorporated
TESPMA is directly proportional to the comonomer feed ratio of THP-HEMA and TESPMA.
Due to these characteristics, the feeding rate of TESPMA governs the formation of rather
step gradient microstructures (fast feeding rate) or rather smooth gradient microstructures
(slow feeding rate). Following these considerations, the feeding rate of TESPMA was set
to 1.0 mL h–1 (GCP1, GCP3, GCP5) and 1.5 mL h –1 (GCP2, GCP4, GCP6), as summarized
in Table 10. To exclude the appearance of concentration dependent retardation
phenomena the (co)monomer concentration was set to 1.0 mmol mL –1. The
copolymerization kinetics were tracked via 1H NMR analysis as well as GPC analysis and
evaluated according to the conversions, molecular weight and dispersity. To assess the
polymerization rate of the both monomers, the individual monomer conversions were
plotted against the reaction time, as illustrated in Figure 35. The CDTSPA mediated
copolymerization of THP–HEMA and TESPMA at 70 °C in 1,4-dioxane with a feeding rate
of 1.0 mL h–1 (GCP1) and 1.5 mL h–1 (GCP2) yielded gradient copolymers with low
conversions of TESPMA of 39.2% (GCP1) and 65.3% (GCP2) and sufficiently high
conversions of THP–HEMA 74.6% (GCP1) and 83.2% (GCP2).

Table 10. Reaction conditions for the synthesis of P(THP–HEMA)-grad-PTESPMA via
CDTSPA mediated RAFT polymerization.
T

feeding rate

V1MTESPMA

feeding time

(°C)

(mL h–1)

(mL)

(h)

GCP1

70

1.0

7.5

7.5

GCP2

70

1.5

7.5

5.0

GCP3

70

1.0

7.5

7.5

GCP4

70

1.5

7.5

5.0

GCP5

80

1.0

7.5

7.5

GCP6

80

1.5

7.5

5.0

Entrya

aConditions:

[MacroCTA]0/[AIBN]0/[THP–HEMA]0/[TESPMA]0 = 1/0.25/75/0 to 75 (GCP1–

2), [MacroCTA]0/[AIBN]0/[THP–HEMA]0/[TESPMA]0 = 1/0.25 to 0.5/75/0 to 75 (GCP3–6).
The slow polymerization rates suggest an inefficient re-initiation of the propagating
macroradicals, which might be attributed to the occurrence of side reactions (retardation)
or a low concentration of radicals within the copolymerization mixture. Since the
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concentration of radicals in RAFT is directly related to the concentration of initiator as well
as to the decomposition rate of the initiator.

A

B

C

D

Figure 35. A & B) Individual monomer conversions versus time with a TESPMA feeding
rate of 1.0 mL h–1 (open symbols) and 1.5 mL h –1 (closed symbols). C & D) First order
kinetic plots of the copolymerization of THP–HEMA/TESPMA with continuous addition of
TESPMA. The triangles denote TESPMA and rhombi denote THP–HEMA. Conditions:
[CDTSPA]0/[AIBN]0 = 1/0.25, 1,4-dioxane, 70 °C (blue); [CDTSPA]0/[AIBN]0 = 1/0.25 to
0.5, 1,4-dioxane, 70 °C (green); [CDTSPA] 0/[AIBN]0 = 1/0.25 to 0.5, 1,4-dioxane, 80 °C
(red).
The concentration of radicals can be increased via addition of more initiator or/and higher
reaction temperatures, which results in a faster decomposition of the initiator. Following
these assumptions, the copolymerization of THP–HEMA and TESPMA was carried out at
70 °C in 1,4-dioxane with continuous addition of AIBN (GCP3 and GCP4). Thus, the initial
CTA/Initiator ratio was altered from four to two with increasing amount of TESPMA in the
comonomer feed. GPC3 and GCP4 exhibit a slightly increased rate of polymerization as
indicated by the slopes the first order kinetic plots in Figure 35C and 35D. In addition, the
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individual monomer conversions of TESPMA slightly increased from 39.2% to 56.0%
(GCP3) and from 65.3 to 66.7% (GCP4). To further increase the concentration of radicals
within the reaction, the reaction temperature was increased from 70 °C to 80 °C (GCP5
and GCP6). These conditions yielded gradient copolymers with higher THP–HEMA
conversions of 92.4% (GCP5) and 90.6% (GCP6). Interesting, the TESPMA conversions
of GCP5 and GCP6 are similar to the TESPMA conversions of GCP3 and GCP4. A higher
concentration of radicals within the copolymerization mixture results in a higher number of
termination events and thus, can compromise the rate of polymerization at higher
conversions as well as yield copolymers with a broadened MWD. To assess the former
hypothesis, the overall monomer conversion was plotted versus the reaction time, as
demonstrated in Figure 35. According to these plots, GCP5 and GCP6 exhibit a slowdown
of the polymerization rate at a conversion of 73.4% and at a conversion of 77.3%
respectively as indicated by a plateau after 9 h. This plateau is presumably attributed to
the occurrence of termination events such as radical coupling or chain dependent
retardation. Compared to both former mentioned GCPs, GCP1–4 exhibit an increase of
conversion even after 24 h, but with an overall slower rate of polymerization as compared
to GCP5 and GCP6.

Figure 36. Total monomer conversion versus time with a TESPMA feeding rate of 1.0 mL
h–1 (open symbols) and 1.5 mL h–1 (closed symbols).

Conditions: [CDTSPA] 0/[AIBN]0 =

1/0.25, 1,4-dioxane, 70 °C (blue); [CDTSPA] 0/[AIBN]0 = 1/0.25 to 0.5, 1,4-dioxane, 70 °C
(green); [CDTSPA]0/[AIBN]0 = 1/0.25 to 0.5, 1,4-dioxane, 80 °C (red).
To further investigate the copolymerization kinetics of GCP1–6 was employed GCP
analysis and compared with the 1H NMR data, as displayed in Figure 37 and Table 11.
According to the GPC analysis, the gradient copolymers show a reasonable narrow MWD
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with dispersities ranging from 1.40 to 1.69. The molar masses of the corresponding
copolymers increase linearly with increasing conversion and thus, indicating a good control
over the reaction kinetics, as shown in Figure 37A and 37B. Notably, the higher
concentration of radicals within the copolymerization mixture (GCP3–6) do not yield
copolymers with a broader MWD as compared to GCP1 and GCP2. These findings clearly
demonstrate, that the continuous addition of AIBN during the copolymerization does not
compromise the overall control over the copolymerization. Consequently, the addition
AIBN enable the synthesis of gradient copolymers with higher molecular weights of
27.1kDa (GCP5) and 29.1 kDa (GCP6) compared to 23.4 kDa (GCP1) and 28.0 kDa
(GCP2). The discrepancies between the MnNMR and MnGPC are due to employed GPC
calibration against PMMA.

Table 11. Synthesis of P(THP–HEMA)-grad-PTESPMA via CDTSPA mediated RAFT
polymerization under various experimental conditions.

Entrya

convNMR (%)

MnNMR

DPn+mNMR

(kDa)

MnGPC b
(kDa)

Đb

GCP1

58.4

23.4

P(THP–HEMA)58-PTESPMA29

17.0

1.69

GCP2

74.2

28.0

P(THP–HEMA)62-PTESPMA49

15.6

1.40

GCP3

69.0

25.8

P(THP–HEMA)61-PTESPMA42

16.0

1.40

GCP4

76.4

28.7

P(THP–HEMA)65-PTESPMA49

19.6

1.44

GCP5

73.4

27.1

P(THP–HEMA)69-PTESPMA41

20.8

1.41

GCP6

77.8

29.1

P(THP–HEMA)68-PTESPMA49

22.0

1.51

aConditions:

[MacroCTA]0/[AIBN]0/[THP–HEMA]0/[TESPMA]0 = 1/0.25/75/0 to 75 (GCP1–

2), [MacroCTA]0/[AIBN]0/[THP–HEMA]0/[TESPMA]0 = 1/0.25 to 0.5/75/0 to 75 (GCP3–6).
bObtained

from GPC relative to linear polymethyl methacrylate standards in THF at 25 °C.

Interestingly, the gradient copolymers synthesized with a TESPMA feeding rate of 1.0 mL
h–1 (GCP1, GCP3 ane GCP5) show consistently lower conversions and molecular weights
as compared to the copolymers synthesized with a TESPMA feeding rate of 1.5 mL h –1
(GCP2, GCP4 and GCP6). These findings are presumably attributed to a slower
polymerization rate at higher conversions due to the occurrence of side reactions such as
radical coupling. Thus, giving gradient copolymers with overall lower conversions and
lower molecular weights. To further evaluate the copolymerization kinetics, the
corresponding GPC traces were analyzed in respect to their MWD with time, as depicted
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in Figure 38. The GPC traces are shifted to higher molar masses, indicating an efficient
re-initiation/propagation of the growing macroradical with time.
A

B

Figure 37. A) Number average molecular number estimated by 1H NMR analysis (MnNMR,
open circles) and by GPC (MnGPC, open squares) and dispersity (Đ) versus conversion for
the CDTSPA mediated THP–HEMA/TESPMA copolymerization with a TESPMA feeding
rate of 1.0 mL h–1. B) MnNMR (closed circles) and MnGPC (closed squares) and Đ versus
conversion for the CDTSPA mediated THP–HEMA/TESPMA copolymerization with a
TESPMA feeding rate of 1.5 mL h –1. Conditions: [CDTSPA]0/[AIBN]0 = 1/0.25, 1,4-dioxane,
70 °C (blue);

[CDTSPA]0/[AIBN]0 = 1/0.25 to 0.5, 1,4-dioxane, 70 °C (green);

[CDTSPA]0/[AIBN]0 = 1/0.25 to 0.5, 1,4-dioxane, 80 °C (red).

The appearing shoulders at higher molar masses clearly show a loss of control over time
due to a higher number of termination events at higher monomer conversions. These
observations are consistent with the findings of the 1H NMR kinetic analysis and thus,
demonstrate a loss of control over the reaction kinetics with increasing monomer
conversion. To investigate the evolution of the comonomer fraction with changing THP–
HEMA/TESPMA feed ratio, the cumulative comonomer fractions (Fcum) were calculated
according to Equation 19 and Equation 20 and plotted against the normalized chain length
(total monomer conversion), as illustrated in Figure 31.
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where convNMR are the corresponding conversions and [MTHP–HEMA/TESPMA]0 are the initial
monomer concentrations of THP–HEMA and TESPMA.
Time
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Time
GCP6

Figure 38. GPC traces of P(THP–HEMA)-grad-PTESPMA copolymers (GCP1–6).

A

B

Figure 39. A) Cumulative TESPMA and THP–HEMA fraction versus normalized chain
length with a TESPMA feeding rate of 1.0 mL h–1. B) Cumulative TESPMA and THP–
HEMA fraction versus normalized chain length with a TESPMA feeding rate of 1.5 mL h –
1.

The triangles denote TESPMA and rhombi denote THP–HEMA. Conditions:

[CDTSPA]0/[AIBN]0 = 1/0.25, 1,4-dioxane, 70 °C (blue); [CDTSPA] 0/[AIBN]0 = 1/0.25 to
0.5, 1,4-dioxane, 70 °C (green); [CDTSPA] 0/[AIBN]0 = 1/0.25 to 0.5, 1,4-dioxane, 80 °C
(red).
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These plots clearly demonstrate that an appreciable compositional gradient can be formed
by using a semi-batch forced gradient approach. In addition, the composition of the
gradient can be altered by changing the feeding rates of TESPMA, giving compositional
gradients with steeper composition profiles (Figure 39B) or smoother composition profiles
(Figure 39A). After the careful investigation and evaluation of the copolymerization
kinetics, the most appropriate conditions to synthesize gradient copolymers with precise
microstructures and reasonable narrow MWD was found to be the CDTSPA mediated
copolymerization at 80 °C in 1,4-dioxane (GCP5 and GCP6). In order to minimize the
appearance of chain defects, the semi-batch forced gradient synthesis was terminated
after 9 h giving the gradient copolymers GCP7 (MnNMR = 26.9 kDa, P(THP–HEMA)67PTESPMA42, MnGPC = 19.8 kDa, Đ = 1.40) and GCP8 (MnNMR = 28.8 kDa, P(THP–HEMA)66PTESPMA49, MnGPC = 21.3 kDa, Đ = 1.41). To prevent the formation of silica aggregates
due to the reactive Si-OCH2CH3 motifs, the gradient copolymers were stored in anhydrous
THF at a concentration of 100 mg mL–1. These gradient copolymers were further
characterized via TGA to evaluate their thermal stability.

4.2.3.1 Thermal properties of P(THP–HEMA)-grad-PTESPMA
Thermal stabilities and decomposition patterns of the gradient copolymers GCP7 and
GCP8 were evaluated by using TGA, as displayed in Figure 40. According to TGA, both
gradient copolymers reveal a two-step degradation pattern, in which the first degradation
step is attributed to the loss of the pendant THP groups of the polymer side chains.

Figure 40. Thermogravimetric analysis of GCP7 (red curve) and GCP8 (blue curve).
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The second degradation step of GCP8 is shifted to higher temperatures as compared to
GCP7, which is presumably attributed to the higher incorporated TESPMA fraction FTESPMA
= 0.43 in GCP8 compared to FTESPMA = 0.39 in GCP7. These observations are consistent
with the thermal analysis of BCP 1–3, in which the second degradation step was shifted to
higher temperatures upon increasing the TESPMA block length (see 4.1.3.1).

In summary, the semi-batch forced gradient approach enabled the preparation of
THP-HEMA and TESPMA based copolymers with gradient microstructures. Due to the
inherent reactivity of the comonomer pair, the composition profiles of the gradient
copolymers could be altered by appropriate adjustment of the TESPMA feeding rate.
Wherein, a faster TESPMA feeding rate of 1.5 mL h –1 yielded a gradient copolymer with a
steeper gradient composition profile as compared and vice versa. After careful evaluation
and adjustment of the reaction parameters such as temperature, initiator concentration
and reaction time, undesired side reactions could be reduced to a minimum. These
optimizations give rise to gradient copolymers with precise microstructures and reasonably
narrow MWDs.

4.3 Hybrid inorganic/organic copolymer thin films
This chapter deals with the fabrication of sol-gel derived hybrid inorganic/organic coatings
on glass slides by using a grafting-onto spin coating approach. For this purpose, hybrid
inorganic/organic gradient copolymers with different composition profiles as well as hybrid
inorganic/organic diblock copolymers with three different TESPMA block lengths were
employed as precursor to fabricate such hybrid coatings. These hybrid coatings were
further characterized in respect to their film thickness, film roughness and wettability by
using AFM and contact angle measurements. To gain more information about the
structural composition of these hybrid films, the hybrid films were characterized via XPS
and IRRAS.

4.3.1 Fabrication of hybrid inorganic/organic thin films
For the preparation of sol-gel derived hybrid coatings, purified gradient copolymers GCP7
(MnNMR = 26.9 kDa, P(THP–HEMA)67-PTESPMA42, MnGPC = 19.8 kDa, Đ = 1.40) and GCP8
(MnNMR = 28.8 kDa, P(THP–HEMA)66-PTESPMA49, MnGPC = 21.3 kDa, Đ = 1.41) solutions
in anhydrous THF (c  100 mg mL–1) were diluted in a THF/water mixture to afford a
precursor concentration of 50 mg mL–1 with 10 Vol.-% of water. Above 10 Vol.-% of water
content, the copolymer started to precipitate out of the precursor solution. The pristine
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glass slides were immobilized with piranha acid before use and washed with THF to
remove residual dust from the glass surface. On the center of the glass slides was placed
a droplet of the precursor solution (150 µL) and the glass substrate was rotated for 60 sec.
at 3000 rpm with a spinning ramp of 1000 rpm sec. –2 in order to homogeneously distribute
the precursor solution over the glass surface area. To evaluate the impact of the catalyst
on the surface topographies of the corresponding hybrid films, the gelation of the pendant
Si-OCH2CH3 motifs was triggered with 1M HCl and 1M NaOH solution, as demonstrated
in Scheme 16.
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Scheme 16. Fabrication of hybrid inorganic/organic thin films by using a sol-gel graftingonto approach.
The hybrid films derived from NaOH mediated sol-gel grafting-onto approach were further
treated with methanolic 0.1M PTSA solution in order to cleave the pendant THP-groups
on the surface. Contrary to this, it was assumed that the HCl mediated reaction triggers
the cleavage of the pendant THP groups as well as the formation of Si-O-Si bonds. To
prove this hypothesis, the hybrid films were investigated by using water contact angle
measurements, as detailed in Table 12. According to these measurements, the NaOH
hybrid films show a slightly smaller contact of (67.21 ± 2.02) (GCP7) and (69.38 ± 1.14)
(GCP8) compared to the HCl derived hybrid films of (74.86 ± 1.15) (GCP7) and (76.03 ±
1.23) (GCP8). These findings clearly suggest that the HCl mediated reaction does not
cleave the pendant THP groups. The slightly higher hydrophilicity of the NaOH derived
hybrid films compared to the HCl derived hybrid films might attributed to the appearance
of non-reacted Si-OH motifs within the silica network. The decreased water contact angles
of (57.14 ± 2.34) (GCP7) and (61.48 ± 2.40) (GCP8) after treatment with 0.1M PTSA
indicate the successful cleavage of the pendant THP groups. These findings are consistent
with the batch deprotection of P(THP–HEMA), in which the pendant THP groups were
quantitatively cleaved by using PTSA as deprotection agent (see 4.1.2.1).
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Table 12. Water contact angles of hybrid films by using GCP7 and GCP8 as precursor.
Contact anglea

Contact angleb

(deg.)

(deg.)

–

48.79 ± 0.67

–

GCP7

HCl

74.86 ± 1.15

–

GCP7

NaOH

67.21 ± 2.02

57.14 ± 2.34

GCP8

HCl

76.03 ± 1.23

–

GCP8

NaOH

69.38 ± 1.14

61.48 ± 2.40

Entry

Catalyst

pristine glass

aWater

contact angles of hybrid films fabricated via sol-gel grafting-onto spin-coating under

atmospheric conditions. bWater contact angle after treatment with 0.1M PTSA solution.

To further characterize the hybrid films in respect to their surface topography, AFM images
were recorded by facilitating the force modulation method, as illustrated in Figure 41.
According to the AFM images, the hybrid films reveal microporous structures due to the
formation of a polymeric silica network.
GCP7

GCP8

HCl mediated
grafting-onto

pristine glass

NaOH mediated
grafting-onto

Treatment with methanolic
0.1M PTSA solution

Figure 41. AFM images of HCl and NaOH derived hybrid films by using GCP7 and GCP8
as precursor.
To evaluate the film thickness of the corresponding hybrid films, the film surface was
scratched and analyzed with AFM, as summarized in Table 13. The local surface
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roughness’s were calculated by using root-mean-square (RMS) data analysis from a 10
µm x 10 µm surface area. According to AFM analysis, the HCl derived hybrid films exhibit
a slightly thinner film thickness of 240 nm (GCP7) and 250 nm (GCP8) compared to 300
nm (GCP7) and 390 nm (GCP8) respectively. These slight variations in the hybrid film
thickness might be attributed to different crosslinking efficiencies and to a lower
crosslinking density of the NaOH derived hybrid films. Notably, the NaOH derived hybrid
films reveal a decreased film thickness of 180 nm (GCP7) and 200 nm (GCP8) upon
treatment with PTSA and thus, indicating the formation of a denser polymeric silica network
due to post-crosslinking of non-reacted Si-OH motifs. Similarly, the surface roughness of
the NaOH derived hybrid films decreased from 106 nm to 78 nm (GCP7) and from 232 nm
to 135 nm (GCP8) upon treatment with PTSA. Interestingly, the GCP8 precursor yields
thicker hybrid films compared to the GCP7 hybrid films, which is presumably attributed to
the slightly higher mole fraction of incorporated TESPMA in the GCP8 precursor (FTESPMA
= 0.43) compared to the GCP7 precursor (FTESPMA = 0.39). To evaluate the impact of the
surface roughness on the surface wettability, the contact angles were related to the surface
roughness’s of the GCP7 and GCP8 derived films. In case of the NaOH derived films, the
decrease of surface roughness’s is directly related to the decrease of the water contact
angles.

Table 13. AFM analysis of HCl and NaOH derived hybrid films.
Film thickness

RMS roughness

(nm)

(nm)

–

–

1

GCP7

HCl

240

122

GCP7

NaOH

300

106

180b

78b

GCP8

HCl

250

87

GCP8

NaOH

390

232

200b

135b

Entrya

Catalyst

pristine glass

aFilm

thickness and roughness of hybrid films fabricated via sol-gel grafting-onto spin-

coating under atmospheric conditions. bFilm thickness and roughness after treatment with
0.1M PTSA solution. The film thickness and RMS roughness were determined by using
software analysis (Gwydion 2.4.1).
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These observations suggest that the surface of the NaOH derived films is wetted
homogeneously and the water droplet is in a Wenzel-like state. Thus, the NaOH derived
hybrid films become less hydrophobic upon treatment with methanolic PTSA solution, due
to smoothening of the surface. Contrary to these observations, the surface roughness’s of
the HCl derived hybrid films have only a minor impact on the water contact angle. This
observation might be attributed to a more heterogenous wetting of the surface as
compared to the NaOH derived hybrid films. To further prove this hypothesis, BCP4 (MnNMR
= 47.2 kDa, P(THP–HEMA)93-PTESPMA93, MnGPC = 46.8 kDa, Đ = 1.25), BCP5 (MnNMR =
34.3 kDa, P(THP–HEMA)93-PTESPMA45, MnGPC = 30.7 kDa, Đ = 1.23) and BCP6 (MnNMR
= 26.8 kDa, P(THP–HEMA)93-PTESPMA22, MnGPC = 27.3 kDa, Đ = 1.34) diblock
copolymers with various TESPMA block lengths were employed as precursor to afford
hybrid films with various film thickness’s. The BCP4–6 precursors were grafted on glass
slides by using the same NaOH mediated sol-gel grafting-onto spin-coating approach as
mentioned before, as displayed in Figure 42.
BCP4

BCP5

BCP6

Treatment with methanolic 0.1M PTSA solution

Figure 42. AFM images of NaOH derived hybrid films by using BCP1, BCP2 and BCP3
as precursor.
According to the water contact angle measurements, the hydrophobicity of the hybrid films
increases with increasing TESPMA block length as indicated by the increased water
contact angle from (58.39 ± 1.21) (BCP3) to (85.70 ± 1.75) (BCP1), as summarized in
Table 14. These findings suggest the formation of a denser polymeric silica network by
employing a BCP with a longer TESPMA block segment. After treatment with methanolic
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0.1M PTSA solution, the contact angles of the BCP derived hybrid films decreased to
(60.03 ± 1.85) (BCP4), (56.71 ± 6.94) (BCP5) and (51.56 ± 0.72). The higher relative
decrease of the BCP4 and BCP5 derived hybrid films (30%) are presumably attributed to
a higher polymer grafting density as compared to the BCP3 derived hybrid films. The
surface topographies of BCP 4 and BCP 5 exhibit a similar porous microstructure as the
hybrid films derived from GCP7 and GCP8.

Table 14. Water contact angles of hybrid films by using BCP1, BCP2 and BCP3 as
precursor.
Contact anglea

Contact angleb

(deg.)

(deg.)

–

48.79 ± 0.67

–

BCP4

NaOH

85.70 ± 1.75

60.03 ± 1.85

BCP5

NaOH

77.20 ± 1.36

56.71 ± 6.94

BCP6

NaOH

58.39 ± 1.21

51.56 ± 0.72

Entry

Catalyst

pristine glass

aWater

contact angles of hybrid films fabricated via sol-gel grafting-onto spin-coating under

atmospheric conditions. bWater contact angle after treatment with 0.1M PTSA solution.

Table 15. AFM analysis of NaOH derived hybrid films.

Entrya

Catalyst

pristine glass

–

BCP4

NaOH

BCP5

NaOH

BCP6

NaOH

aFilm

Film thicknessb

RMS roughnessb

(nm)

(nm)

–

1

400

239

300b

175b

300

206

190b

155b

130

48

100b

67b

thickness and roughness of hybrid films fabricated via sol-gel grafting-onto spin-

coating under atmospheric conditions. bFilm thickness and roughness after treatment with
0.1M PTSA solution. The film thickness and RMS roughness were determined by using
software analysis (Gwydion 2.4.1).
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In general, the BCP4 derived hybrid film reveal microstructures with smaller pore size as
compared to the BCP5 and BCP6 derived hybrid films, which indicates the formation of a
denser polymeric silica network. The film thicknesses and RMS roughness’s of the
corresponding BCP derived hybrid films are summarized Table 15. In general, the film
thickness of the BCP derived hybrid films increases from 130 nm (BCP6) to 400 nm
(BCP4) with increasing TESPMA block length as well as decrease upon treatment with
methanolic PTSA solution. To further evaluate the surface characteristics of the BCP
derived hybrid films, the surface roughness’s of the individual films were correlated to the
water contact angles before and after treatment with methanolic PTSA solution. The
decrease of surface roughness’s is directly related to the decrease of the water contact
angles and thus, the hydrophobicity of the films is affected by the surface roughness.
These observations are consistent with the observations made by the GCP derived hybrid
films.

In summary, a higher incorporated TESPMA fraction yield thicker hybrid films with
porous microstructures. These microstructures clearly indicate the formation of a silicabased inorganic/organic phase on glass substrate surface. In addition, the surface
roughness’s of the GCP and BCP derived hybrid films is directly related to the water
contact angles. Thus, the hydrophobicity of these films decreases upon treatment with
methanolic PTSDA solution, due to smoothing of the film surface.

4.3.2 Structural analysis of hybrid inorganic/organic thin films
To unveil the structural identity of the hybrid films, there were further characterized via
IRRAS and XPS. Since IRRAS requires a substrate surface with a high IR reflectivity in
order to maximize the reflection of the incident IR beam, the glass slides were sputtered
with gold (layer thickness  40 nm) and plasma treated, as shown in Figure 43. The plasma
etching was carried out in order to regain a sol-gel active OH functionalities on the surface.

OH OH OH OH OH OH

Sputtering
Au-layer

OH OH OH OH OH OH

Glass surface

Glass surface

– low IR reflectivity
+ sol-gel active surface

+ high IR reflectivity
– no sol-gel active surface

Plasma
treatment

OH OH OH OH OH OH
Glass surface
+ sufficiently high IR reflectivity
+ sol-gel active surface

Figure 43. Schematic illustration of the used method to enhance the IR reflectivity of glass
substrates.
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The hybrid film formation was accomplished as mentioned before by using NaOH as
catalyst. The IRRAS spectra of the hybrid films before and after treatment with methanolic
0.1M PTSA solution were recorded at an angle of incidence of 84°, as depicted in Figure
44. Both spectra were normalized in respect to the stretching vibrations of carbonyl (C=O)
groups at 1735 cm –1. The IRRAS spectra correspond to the average spectra of three
records. The hybrid films exhibited some characteristic vibrations of both PTESPMA,
P(THP–HEMA) and PHEMA such as Si-O-Si, Si-O, C=O and C-O, as detailed in Table 16.
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Figure 44. IRRAS spectra of a NaOH derived hybrid film by using GCP8 as precursor (top)
and IRRAS spectra of a NaOH derived hybrid film after treatment with methanolic PTSA
solution (bottom). The inset shows the symmetric and asymmetric stretching vibrations of
the CH3 and CH2 groups between 2800 and 3100 cm–1.
The peak position related to the asymmetric and symmetric stretching vibrations of CH 3
and CH2 are shifted to higher frequencies upon treatment of the hybrid film with PTSA.
Meanwhile, the stretching vibrations of C=O and the deformation vibrations of CH 2 exhibit
no evident frequency shift. The stretching vibration and asymmetric deformation vibrations
of C-O at 1260 cm–1 and 1166 cm–1 respectively are shifted to higher frequencies of 1271
cm–1 and 1168 cm–1 respectively. Since these bands are attributed to the appearance of
ester bonds and THP groups, these observations suggest a successful deprotection of the
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THP groups upon treatment with methanolic PTSA solution. Furthermore, the intensity of
the stretching vibration band of C-O is largely increased, whereas the intensity of the
deformation vibration band of C-O is decreased, due to loss of the cyclic acetal of the THP
groups. Notably, the three stretching vibration bands of the Si-O-Si and Si-O species at
1082, 1039 and 989 cm –1 are smoothed to one vibration band at 1079 cm –1. These
observations suggest a post-crosslinking on non-reacted Si-OR and Si-OH species upon
acidic treatment and are consistent with the results obtained via AFM analysis.

Table 16. Spectral band assignments for immobilized hybrid films before and after
treatment with methanolic 0.1M PTSA solution.
Frequencya

Possible assignmenta

(cm–1)
2946

as (CH2, CH3)

2952b
2856

s (CH2, CH3)

2863b
1735

 (C=O)

1736b
1457

 (CH2)

1454b
1260

 (C–O)

1271b
1166

as (C–O)

1168b
1082, 1039, 989

 (Si–O–Si, Si–O)

1079b
aSpectral

band assigments of NaOH derived hybrid films by using GCP8 as precursor.

bSpectral

band assignments of NaOH derived hybrid film after treatment with methanolic

0.1M PTSA solution.

Quantitative elemental analysis on the modified glass surfaces was obtained by using XPS
to characterize the covalently immobilized GCP8 before and after treatment with PTSA,
as detailed in Table 17. Based on the observations made by XPS, the relative atomic
percent concentration of carbon (C) decreased from 70.5% to 65.5%, whereas the atomic
percent concentrations of oxygen (O) and of silicon (Si) increased from 21.7% to 24.4%
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and from 7.2% to 10.1% respectively. These findings are consistent with the theoretical
elemental composition of hybrid film before and after treatment with PTSA. The small
deviations between the experimental and theoretical atomic percent concentrations are
attributed to minor impurities at the surface such as carbon contamination of the gold
surface due to environmental exposure as well as adsorption of water and other
contaminants. Since both hybrid films contain carbon and oxygen, it is nearly impossible
to distinguish the source of carbon and oxygen in XPS wide scan. Consequently, to further
characterize the hybrid films C1s core level analysis was performed to quantify the O-C-O
and C-O-C functionalities unique to the THP ether acetal moiety, as demonstrated in
Figure 44. Since, the O-C-O and C-O-C functionalities are exclusively present in the nontreated hybrid film and thus, the disappearance of corresponding peaks in the C1s peak
would clearly indicate the cleavage of the pendant THP groups.

Table 17. Estimated elemental compositions and theoretical elemental composition of
hybrid films before and after treatment with PTSA.

Entry

1a

2b

C

O

Si

Na

(%)

(%)

(%)

(%)

70.5

21.7

7.2

0.6

(72.0)

(24.0)

(4.0)

–

65.5

24.4

10.1

–

(68.4)

(26.3)

(5.3)

–

aElemental

composition of NaOH derived hybrid films by using GCP8 as precursor.

bElemental

composition of NaOH derived hybrid film after treatment with methanolic 0.1M

PTSA solution.

The position of the C-C/C-H in C1s spectra was specified and the peaks of the different
carbon environments were referenced relative to the C-C/C-H peak at (284.6 ± 0.1) eV.
The C1s spectra for the non-treated hybrid film was fitted with five peaks: (C-H/C-C) at
(284.6 ± 0.1) eV, (C-O-C) at (286.4 ± 0.1) eV, (C-O-C=O) at (286.8 ± 0.1) eV, (O-C-O) at
(287.6 ± 0.1) and (C-O-C=O) (288.7 ± 0.1) eV, as demonstrated in Figure 45A, whereas
the C1s spectra of the hybrid film treated with methanolic 0.1M PTSA solution was fitted
with four peaks: (C-H/C-C) at (284.6 ± 0.1) eV, (C-OH) (286.6 ± 0.1), (C-O-C=O) at (286.8
± 0.1) eV and (C-O-C=O) (288.7 ± 0.1) eV, as displayed in Figure 45B. The quantitative
analysis of the percentage of XPS C1s signals are summarized in Table 18. According to
the XPS high-resolution C1s spectra, the signals of the C-O-C and C-O-C functionalities
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disappeared after treatment of the GCP8 derived hybrid film with methanolic 0.1M PTSA
solution. Consistently to this, (C-OH) signal shows the appearance of OH functionalities
on the hybrid film surface.
Original C 1s
C-C, C-H
C-O-C
C-OH
C-O-C=O
O-C-O
C-O-C=O
Envelope C 1s

A
1600

Intensity / CPS

1400
1200

Original C 1s
C-C, C-H
C-O-C
C-OH
C-O-C=O
O-C-O
C-O-C=O
Envelope C 1s

1800

B
1600
1400

Intensity / CPS

1800

1000
800
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1000
800

600

600

400

400

200

200
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290

288
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284

282

280
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290

Binding energy / eV

288

286

284

282

280

Binding energy / eV

Figure 45. A) XPS high-resolution C1s spectra of NaOH derived hybrid film by using GCP8
as precursor. B) XPS high-resolution C1s spectra of NaOH derived hybrid film after
treatment with methanolic 0.1M PTSA solution.
Table 18. Estimated functionality percentage concentration of hybrid films before and after
treatment with PTSA.
C-C/C-H

C-O-C

C-OH

C-O-C=O

O-C-O

C-O-C=O

(%)

(%)

(%)

(%)

(%)

(%)

1a

71.6

6.1

–

8.2

6.4

7.2

2b

59.8

–

13.0

12.8

–

14.4

Entry

aElemental

composition of NaOH derived hybrid films by using GCP8 as precursor.

bElemental

composition of NaOH derived hybrid film after treatment with methanolic 0.1M

PTSA solution.

These findings clearly suggest the successful cleavage of the pendant THP groups upon
acidic treatment. However, the experimentally proportion of the alcohol carbon (C-OH) in
the C1s spectra is slightly higher as compared to the theoretical value, indicating the
adsorption of water or residual solvent upon treatment with methanolic 0.1M PTSA
solution. According to the findings in the IRRAS and XPS experiments, the treatment with
methanolic PTSA solution results in the quantitative cleavage of THP groups located on
the surface of the hybrid films. In the next step, these hybrid films with nucleophilic OH
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groups will be utilized in micromechanical tests in order to evaluate the impact of the
polymeric interphase on the mechanical properties of a given glass/polyepoxide system.

4.4 Micromechanical analysis
Mode 1 tensile tests enabled the determination of the interfacial tensile strength (max) and
evaluation the impact of the polymeric interphase on the micromechanical properties of
glass slide-model system. To prepare the test samples, two coated glass slides were fixed
with a stainless-steel clamp between a 2 mm thick PTFE-foil as spacer giving a cavity of
180 mm2 (VEpoxy) with a surface area of 90 mm 2 (AEpoxy), see experimental part Figure 47A.
Next, the sample was immersed in the resin system at room temperature to allow the
epoxy resin to suck into the cavity. The epoxy resin was cured at 100 °C for 2 h according
to an adapted procedure of Sturm and co-workers. [147, 148] Upon curing of the resin
system, a strong network was formed composed of diglycidyl ethers of bisphenol A. Thus,
the uncured epoxy resin network allows the incorporation of PHEMA chains into the
network due to chemical and physical attachment of the PHEMA chains to the resin
network.

The

mechanism

of

surface-grafted

polymeric

connector

chains

in

interface/interphase systems has been intensively investigated by Gutowski and coworkers. [149, 150] The interpenetrating surface-tethered PHEMA chains can become
trapped in the matrix network and thus, acting as mechanical interlocking agents within
the network. The test samples were carefully mounted on two metal attachments by using
an epoxide-based glue and fixed into the Zwick 1454 tensile testing machine, see
experimental part Figure 48B and 48C. In a first step, three Force-Distant-Curves for each
sample were recorded in order to determine the maximal force (Fmax) to break the test
sample, as demonstrated in Figure 46A and 46B. Upon simplifying the assumption, that
the debonding force is distributed equally on the glass slide-matrix interface, the interfacial
tensile strength can be calculated by using equation 21.

𝜏𝑚𝑎𝑥 =

𝐹𝑚𝑎𝑥
𝐴𝐸𝑝𝑜𝑥𝑦

(21)

The micromechanical results are summarized in Table 19. To relate and evaluate the
macromolecular interphase nanostructure to the micromechanical properties, the nominal
max values were practically compared with the reference test sample, which was
composed of two pristine glass slides, as displayed in Figure 46A. The surface coverage
() of the corresponding hybrid films were estimated by using equation 22. [151, 152]
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Γ= ℎ∙𝜌

(22)

where h is the layer thickness and  is the bulk density of the thin polymer film. Herein, the
bulk density was set to 50 mg cm –3, which corresponds to the density of the pure precursor
solution. The grafting densities () of the corresponding hybrid films are the inverse of the
average area per adsorbed polymer chain, as approximated in equation 23.

σ=

Γ ∙ 𝑁𝐴
𝑀𝑛𝑁𝑀𝑅

(23)

where NA is the Avogadro constant and MnNMR is the molar mass of the attached polymer
chains.
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Figure 46. A) Image of a sample after testing it on the Zwick 1454 tensile testing machine
B) Force-displacement-curves of the corresponding test samples. The Force-DistanceCurves correspond to the average of three measurements. C) Chemical structures of the
epoxy matrix composed of EPIKOTE Resin MGS RIM 135/EPIKURE CuringAgent MGS
RIMH 137.
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According to the micromechanical analysis, the interfacial tensile strength is relatively
increased between 11.9% and 51.1% as compared to the reference test sample. These
findings clearly suggest that the introduction of polymeric interphase enhances interfacial
adhesion between the glass slide and matrix. Notably, the block copolymer with a short
TESPMA block segment (BCP6) shows a remarkably higher interfacial tensile strength of
(413.3 ± 9.1) Pa as compared to the tensile strength of (282.2 ± 69.6) Pa of the block
copolymers with a long TESPMA block segment (BCP4).

Table 19. Results from the micromechanical analysis.
Fmaxa

max

Film thicknessb

c

(N)

(Pa)

(nm)

(mg cm–2)

(chains nm–2)

Reference

22.7 ± 5.8

252.2 ± 64.2

–

–

–

BCP4

25.4 ± 6.3

282.2 ± 69.6

300

1.5 x 10–3

0.19

BCP5

34.3 ± 8.3

381.1 ± 92.2

190

9.5 x 10–4

0.16

BCP6

37.2 ± 1.3

413.3 ± 9.2

100

5.0 x 10–4

0.11

GCP7

32.6 ± 3.8

362.2 ± 13.6

180

9.0 x 10–4

0.20

GCP8

30.0 ± 6.9

333.6 ± 77.5

200

1.0 x 10–3

0.21

Entrya

aThe

c

Fmax values correspond to the average of three measurements. bFilm thicknesses

were estimated via AFM analysis and subsequent software supported data analysis
(Gwydion 2.4.1). cThe surface coverages and grafting densities were calculated according
to equation 18 and 19.

Similarly, GCP7 with an incorporated TESPMA fraction of 0.39 reveals a slightly higher
interfacial tensile of (362.2 ± 13.6) Pa compared to (333.6 ± 77.5) Pa of GCP8 with an
incorporated TESPMA fraction of 0.43. In general, it seems that a shorter TESPMA anchor
segment results in a higher interfacial adhesion. To further prove this hypothesis, the
individual hybrid film thicknesses were related to the interfacial tensile strength, as
demonstrated in Figure 46B. According to this, the interfacial tensile strength decreases
with increasing film thickness of the hybrid coatings. These findings might be attributed to
an insufficient penetration of the PHEMA chains into the epoxy matrix due to a high chain
density of PHEMA chains on the surface. Consequently, to reach a sufficient penetration
of the PHEMA chains, it is desirable to fabricate thin hybrid films with thicknesses of ≤100
nm and rather low grafting densities in order to maximize the interpenetration of PHEMA
chains. These observations are consistent with previously reported investigations, in which
the interfacial adhesion was directly related to the film thickness and grafting density of the
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tethered polymer chains. In these studies, the interfacial adhesion was maximized by
using thin polymer films with rather low grafting densities in order to afford a high
interfacial adhesion between a glass/epoxy matrix interface. [12] In addition, Duchet et. al.
stated that the toughness of composite-like material can be improved by the presence of
tethered polymer chains at the reinforcement/matrix interface, whereas a too high grafting
density compromise the interfacial adhesion. [6] Notably, the results suggest that the
composition of the precursor polymer and the morphology of the hybrid films have only a
minor impact on the interfacial adhesion. Most likely, the structural differences between
the individual hybrid films are neglectable on a nanometer-scale and thus, the interfacial
adhesion is mainly affected by the grafting densities of the corresponding hybrid films.
B

A

Figure 47. Mechanical performance of the BCP4–6, GCP7 and GCP8 coated glass slides:
A) Nominal interfacial shear strength. B) Correlation of the nominal interfacial shear
strength to the hybrid film thicknesses.
However, these observations might change by approaching hybrid films with thicker film
thicknesses of ≥ 1000 nm, in which the structural composition and inherent mechanical
properties of the hybrid films become more dominant.
Based on the findings made by the micromechanical analysis, the introduction of a
silane-based polymeric interphase provides a sufficient stress transfer from the polymer
matrix to glass and thus, give rise to a glass/polyepoxide material with improved
mechanical properties. The interfacial tensile strength between glass and the polymer
matrix increases regardless of the employed polymeric precursor. The maximum tensile
strength of (413.3 ± 9.2) Pa is reached by using a linear diblock copolymers (BCP6) as
precursor. Notably, both the diblock precursors and gradient precursors give very similar
results in respect to the determined interfacial tensile strength.
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In this thesis, a polymeric interphase was developed in order to improve the mechanical
properties of glass/polyepoxide model system. The polymeric interphase was composed
of sol-gel active hybrid inorganic/organic diblock and gradient copolymers between the
glass and polyepoxide interface was introduced in order to enhance the interfacial
adhesion between both phases. The design principle of the polymeric interphase was
inspired by the tendon-to-bone insertion site, which links to mechanically different tissues.
The mechanism of the enhancement of the interfacial adhesion relies on to chemical and
physical attachment of the polymeric precursor to both phases.
For this purpose, a series of hybrid inorganic/organic copolymers with block and
gradient microstructures were synthesized by employing CDTSPA mediated RAFT
polymerizations in 1,4-dioxane. The hybrid inorganic/organic copolymers were composed
of masked HEMA (THP–HEMA) as epoxy compatible and TESPMA as glass surface
compatible component. The synthesis of P(THP–HEMA)-PTESPMA diblock copolymers
was accomplished by using a THP–HEMA based MacroCTA approach. This two-step
MacroCTA approach yielded well-defined diblock copolymers with narrow MWD and three
different TESPMA block lengths. To synthesize well-defined gradient copolymers
composed of THP–HEMA/TESPMA, the copolymerization kinetics of the given
comonomer system was investigated in detail in order to gain detailed information over
copolymerization kinetics in batch. In addition, the reactivity ratios were estimated by using
a LSNF as well as KTM and EKTM, giving reactivity ratios for both monomers close to one.
According to these investigations, the batch copolymerization of THP-HEMA/TESPMA
yields exclusively ideal random copolymers. To overcome this limitation, the synthesis of
gradient copolymers was accomplished by using a semi-batch forced gradient approach,
in which a mixture of THP–HEMA was continuously feeded with 1M TESPMA solution.
Due to the inherent reactivity of the comonomers, the steepness of the gradient
microstructure could be altered by changing the TESPMA feeding to higher feeding rates.
The semi-batch forced gradient approach enabled the preparation of well-defined gradient
copolymers with reasonable narrow MWDs. In addition, the semi-batch forced gradient
approach give rise to a greater variety of gradient compositions profiles as well as is not
limited to a specific comonomer pair with appropriated reactivity ratio as compared to a
spontaneous gradient approach. Due to the sol-gel active Si-OCH2CH3 motifs, the
spontaneous formation of silica networks was observed in bulk. Thus, the polymeric
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precursors were stored in anhydrous THF in order to inhibit the spontaneous gelation of
the Si-OCH2CH3 motifs.
Next, the synthesized block copolymers with three different TESPMA block lengths
and two gradient copolymers with diverse gradient microstructures were employed as
polymeric precursor to fabricate sol-gel derived hybrid films on glass substrates. The
formation of hybrid films on the glass substrates was accomplished by using a base and
acid mediated sol-gel grafting-onto spin-coating approach. The former base catalyzed
process yielded hybrid films with film thicknesses from 100 to 300 nm. Notably, the hybrid
film thicknesses decreased upon treatment with methanolic 0.1M PTSA solution in order
to cleave the THP groups from the hybrid film surface. These observations are attributed
to shrinkage of the hybrid films upon post-crosslinking of non-reacted Si-OH motifs as well
as evaporation of residual solvent. In general, the film thickness could be altered by using
precursor with a higher incorporated TESPMA fraction or longer TESPMA block length. To
further prove the structural identity of the hybrid films, IRRAS and XPS spectra were
recorded. These studies revealed that pedant THP groups were successfully cleaved upon
treatment with methanolic PTSA solution.
Lastly, a custom-built glass slide-model system was developed, wherein two coated
glass slides were stitched with a bisphenol A glycidyl ether-based epoxy resin together.
To prove the micromechanical properties of such a model system, mode I tensile tests
were conducted and compared with a reference test sample. Based on the experimental
data of this tests, the interfacial adhesion strength was relatively increased between 11.9%
and 51.1%. The relative increase of the adhesion strength was mainly governed by the
hybrid films thicknesses and grafting densities. Thus, hybrid films with a film thickness of
≤ 100 nm and a rather low grafting density result in a stronger interfacial adhesion as
compared to thicker hybrid films with a high grafting density. These observations are
presumably attributed to an insufficient interpenetration of the PHEMA chains into epoxy
resin due to a high chain density. Interestingly, the composition of the polymeric precursor
as well as film composition had no crucial impact on the strengthening mechanisms on the
nanometer-scale. Following these findings, the hypothesis that a gradient-like
macromolecular interphase on a nanometer-scale is highly desirable in order to maximize
the interfacial adhesion is not valid. However, these observations might alter by
approaching thick hybrid films of ≥ 1000 nm, in which the structural differences of the
individual hybrid films are more pronounced. Thus, further experiments should focus on
the thicker films with a higher level of film inhomogeneity and spatial resolution. Most likely,
such micrometer thick films reveal different film characteristics as compared to the
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nanometer thick films and the strengthening mechanism is more dominated by structural
factors as well as by the inherent mechanical properties of the polymeric interphase.
In conclusion, the introduction of macromolecular interphase in a composite-like
glass-polyepoxide system has an immanent impact on the mechanical properties.
According to the mode I tensile tests, a nanometer thick polymeric interphase composed
of block and gradient inorganic/organic copolymers results in an increased interfacial
adhesion, due to physical and chemical attachment of tethered polymer chains to both
phases. The adhesion between both phases is directly related to the interpenetration of
the PHEMA chains into the epoxy resin and thus, a high interfacial adhesion is
accomplished by a high level of interpenetrated PHEMA chains. To achieve this, it is
advantageous to fabricate thin hybrid films of ≤100 nm and rather low grafting densities of
0.11 chains nm –2. These requirements are sufficiently accomplished by using diblock
inorganic/organic copolymers as precursors.
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In der vorliegenden Arbeit wurde eine polymerbasierte Interphase entwickelt um die
mechanischen Eigenschaften eines Glass/Polyepoxid Modellsystem zu verbessern. Dazu
wurde an der Grenzfläche zwischen Glas und Epoxid-Harz eine polymere Interphase,
bestehend aus hybrid anorganischen/organischen Block- und Gradientkopolymeren
eingeführt, um die Haftung zwischen diesen beiden Phasen zu erhöhen. Das
Designprinzip dieser polymeren Interphase war inspiriert bei der Knochen-GelenkbandInsertionsstelle, welche zwei mechanisch unterschiedliche Gewebe miteinander
verknüpft. Der Mechanismus der Erhöhung der Grenzflächenhaftung beruht auf der
chemischen

und

physikalischen

Verknüpfung

beider

Phasen

durch

polymere

Haftvermittler.
Zu diesem Zweck wurde eine Reihe von hybrid anorganischen/organischen Blockund Gradientkopolymeren, bestehend aus „maskierten“ HEMA (THP–HEMA) als Epoxidharzkompatible Komponente und TESPMA als glaskompatible Komponente, mit Hilfe von
CDTSPA vermittelter RAFT Polymerisation in 1,4-Dioxan synthetisiert. Zur Synthese von
linearen P(THP–HEMA)-PTESPMA Diblockkopolymeren wurde ein THP–HEMA basiertes
MacroCTA-Syntheseverfahren

verwendet.

Dieses

zweistufige

MacroCTA-

Syntheseverfahren ergab wohldefinierte Diblockkopolymere mit variierenden TESPMA
Blocklängen und einer schmalen Molmassenverteilung.

Da die Synthese von

Gradientkopolymeren ein tieferes Verständnis der Kopolymerisationskinetik des
gegebenen Komonomersystem erforderte, wurden detaillierte Kinetikstudien in Lösung
durchgeführt.

Außerdem

wurden

die

Reaktivitätsverhältnisse

des

gegebenen

Monomerpaares mit Hilfe der LSNF, der KTM sowie der EKTM Methode bestimmt.
Basierend auf diesen Ergebnissen liefert die Kopolymerisation von THP–HEMA und
TESPMA in Lösung ausschließlich Kopolymere mit einer rein zufällig statistisch verteilten
Kopolymerkomposition. Daher wurde die Synthese von Gradientkopolymeren mit Hilfe des
Semi-Batch-Gradientkopolymerisationsverfahrens

durchgeführt

in

der

zu

einer

Reaktionslösung bestehend aus 1M THP-HEMA-Lösung kontinuierlich eine 1M TESPMALösung hinzugetropft wurde.

Aufgrund der gegebenen Reaktivitätsverhältnisse des

Monomerpaares konnte das Kompositionsprofil der Gradientkopolymere mit Hilfe der
TESPMA-Zutropfgeschwindigkeit

variiert

werden.

Da

im

Semi-Batch-

Kopolymerisationsverfahren das Kompositionsprofil nicht über die Reaktivitätsverhältnisse
des

Monomerpaares

gesteuert

wird,

wie

im

spontanen

Gradientkopolymerisationsverfahren, erlaubt es die Synthese von einer größeren Vielzahl
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an Gradientkopolymeren mit unterschiedlichen Kompositionsprofilen. Aufgrund der
Reaktivität der Sol-Gel aktiven Si-OCH2CH3 Gruppen kam es in zur spontanen Bildung
von Silica-Klustern in Lösung. Um dies zu verhindern wurde die gereinigten Kopolymere
in wasserfreiem THF gelagert.
Die synthetisierten Blockkopolymeren mit drei verschiedenen TESPMA
Blocklängen und zwei Gradientkopolymere mit unterschiedlichen Kompositionsprofilen
wurden als polymere Ausgangsstufen verwendet, um Sol-Gel basierte Hybridfilme auf
Glassubtraten herzustellen. Die Sol-Gel-Beschichtung wurde sowohl unter basischen als
auch sauren Bedingungen mit Hilfe des Grafting-onto-Verfahrens durchgeführt. Der
letztere basenkatalysierte Prozess ergab Hybridfilme mit Schichtdicken von 100 bis 300
nm. Die auf der Oberfläche lokalisierten THP-Gruppen wurden mit Hilfe von mit 0.1M
PTSA Lösung in Methanol gespalten, welches zu einer Reduzierung der Schichtdicke der
Hybridfilme führte. Diese Beobachtungen sind auf das Schrumpfen der Hybridfilme beim
Nachvernetzen nicht umgesetzter Si-OH-Motive sowie auf das Verdampfen von restlichen
Lösungsmittels zurückgeführen. Im Allgemeinen konnte die Filmdicke durch Verwendung
einer polymeren Ausgangsstufe mit einer größeren TESPMA-Anteil oder einer längeren
TESPMA Blocklänge verändert werden. Um die strukturelle Identität der Hybridfilme weiter
zu untersuchen, wurden IRRAS- und XPS-Spektren aufgenommen. Diese Studien
zeigten, dass die freien THP-Gruppen nach Behandlung mit PTSA-Lösung in Methanol
erfolgreich abgespalten wurden.
Zuletzt wurde ein speziell angefertigtes Glasobjektträger-Modellsystem entwickelt,
bei den zwei beschichteten Objektträgern mit einem Epoxidharz auf Bisphenol-AGlycidylether-Basis

zusammengeklebt

wurden.

Um

die

mikromechanischen

Eigenschaften eines solchen Modellsystems zu untersuchen, wurden Mode I Zugversuche
durchgeführt und mit einer Referenzprobe verglichen. Basierend auf den experimentellen
Ergebnissen dieser Tests war die Grenzflächenhaftung relativ zwischen 11,9% und 51,1%
erhöht. Die relative Erhöhung der Haftfestigkeit wurde hauptsächlich durch die
Hybridfilmdicken und Pfropfdichten bestimmt. So führen Hybridfilme mit einer Filmdicke
von

≤

100

nm

und

einer

eher

geringen

Pfropfdichte

zu

einer

stärkeren

Grenzflächenhaftung im Vergleich zu dickeren Hybridfilmen mit einer hohen Pfropfdichte.
Diese Beobachtungen werden vermutlich auf eine unzureichende Durchdringung der
PHEMA-Ketten mit Epoxidharz aufgrund einer hohen Kettendichte zurückgeführt.
Interessanterweise hatte die Zusammensetzung des polymeren Vorläufers sowie der
Filmzusammensetzung

keinen

entscheidenden

Einfluss

auf

die

Verstärkungsmechanismen im Nanometerbereich. Auf Basis dieser Erkenntnisse ist die
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Hypothese, dass eine gradientenartige makromolekulare nanoskalige Interphase im
vorteilhaft ist, um die Grenzflächenhaftung zu maximieren, nicht gültig. Diese
Beobachtungen könnten sich jedoch bei dickeren Hybridfilme von ≥ 1000 nm ändern, bei
denen die strukturellen Unterschiede der Hybridfilme stärker sind. Weitere Experimente
sollten sich daher auf dickere Filme mit einem höheren Grad an Filminhomogenität und
räumlicher

Auflösung

konzentrieren.

Höchstwahrscheinlich

weisen

solche

mikrometerdicken Schichten im Vergleich zu nanometerdicken Schichten andere
Filmeigenschaften auf, und der Verstärkungsmechanismus wird stärker von strukturellen
Faktoren sowie von den inhärenten mechanischen Eigenschaften der polymeren
Zwischenphase dominiert.
Insgesamt hat die Einführung der makromolekularen Interphase in ein Modell Glas
-Polyepoxid-System einen immanenten Einfluss auf die mechanischen Eigenschaften.
Gemäß der Mode I Zugversuche führt eine nanometerdicke polymere Interphase aus
anorganisch/organischen

Block-

und

Gradientkopolymeren

zu

einer

erhöhten

Grenzflächenhaftung, da beide Phasen physikalisch und chemisch über Polymerketten
miteinander verbunden sind. Die Haftung zwischen beiden Phasen steht in direktem
Zusammenhang mit der gegenseitigen Durchdringung der PHEMA-Ketten in das
Epoxidharz, und somit wird eine hohe Grenzflächenadhäsion durch einen hohen Anteil
von durchdrungenen PHEMA-Ketten erreicht. Dabei ist es vorteilhaft, dünne Hybridfilme
von ≤ 100 nm und eher niedrige Pfropfdichten von 0,11 Polymerketten nm–2 herzustellen.
Diese Anforderungen werden durch die Verwendung von anorganisch/organischen
Diblockkopolymeren als polymere Ausgangsstufen ausreichend erfüllt.
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6.1 Materials
4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (CDTSPA, 97%, Aldrich),
4-cyano-4-(phenylcarbonothioylthio)pentanoic acid (CBPA, 97%, Aldrich), 3,4-dihydro-2Hpyrane (DHP, 97%, Aldrich), sodium hydroxide (NaOH, 99%, Fisher Scientific),
hydrochloric acid (HCl, 37%, Merck), glacial acetic acid (AcOH, 99%, Merck), ptoluenesulfonic acid monohydrate (PTSA, 99%, Merck), pyridine (99%, Chemsolute),
methanol (pure, 99%, Chemsolute), ethanol (pure, 99%, Chemsolute), ethyl actetate
(HPLC grade, Chemsolute), tetrahydrofurane (THF, pure, 99%, Chemsolute), diethyl ether
(99%, Fisher Scientific), tetrahydrofurane (extry dry, water < 50 ppm, Acros Organics), 1,4dioxane (extra dry, 99.8%, Acros Organics), dichloromethane (anhydrous, 99.8%, Aldrich)
were used without further purification. Azobisisobutyronitrile (AIBN, 95%, Merck) was
recrystallized from methanol two times before use. Triethylamine (TEA, 99%, Aldrich) was
distilled under reduced pressure before use. The monomer 2-hydroxyethyl methacrylate
(HEMA, 98%, ABCR) was used as received, whereas 3-(triethoxysilyl) propyl methacrylate
(TESPMA, 97%, ABCR) and 3-(triisopropoxysilyl) propyl methacrylate (IPSMA, 95%,
ABCR) were distilled under reduced pressure before use. The synthesis of pyridinium ptoluenesulfonate (PPTS) is reported elsewhere.[140]

6.2 Polymer characterization
6.2.1 Gel permeation chromatography
Mn and Đ values of PTHP–HEMA, PTHP–HEMA-b-PTESPMA, PTHP–HEMA-bPIPSPMA,

PTHP–HEMA-stat-PTESPMA

and

PTHP–HEMA-grad-PTESPMA

(co)polymers were obtained at 25 °C by gel-permeation chromatography (GPC) equipped
with a Thermo Separation Products (TSP) isocratic pump P-100/1000, Shodex RI-71
detector and a PSS-SDV 5µ VS column. Linear polymethyl methacrylate standards were
applied as calibration. THF was used as eluent at a flow rate of 1.0 mL min –1.

6.2.2 NMR Spectroscopy
1H-NMR

and

13C-NMR

spectra were recorded in CDCl3 and DMSO-d6 on a Bruker DPX

400 or Bruker AVANCE 500 at 300 K, and TMS (δ = 0.00) was used as the internal

97

6 Experimental Part
reference. All monomer conversions were estimated by 1H-NMR analysis with the samples
directly taken at a given time interval.

6.2.3 Mass spectrometry
Mass spectra were recorded on a HPLC-MS Agilent 6210 System equipped with an
analytical Agilent 1100 HPLC System, and an ESI-MSD TOF detector of Agilent
Technologies.

6.2.4 ATR-Infrared spectroscopy
IR spectra were recorded on a Nicolet FTIR spectrometer from ThermoFisher Scientific
equipped with a diamond ATR at room temperature.

6.2.5 Differential scanning calorimetry
Differential scanning calorimetry (DSC) measurements were conducted on a Hitachi
EXSTAR SII DSC 7020 under a nitrogen atmosphere using a heating rate of 10 °C min –1
from –60 to 160 °C. Four cycles were recorded for each sample. The glass transition
temperature (Tg) values correspond to the average Tg values of the three last heating
cycles.

6.2.6 Thermogravimetric analysis
Thermogravimetric analysis (TGA) was conducted under a nitrogen atmosphere on a
Mettler Toledo TGA/SDTA 851e in the range of 25 °C to 600 °C with a heating rate of 10
°C min–1 and a nitrogen flow rate of 30 mL min –1.

6.3 Surface characterization
6.3.1 Contact angle measurements
Water contact angle measurements were recorded on a Drop Shape Analyzer – DSA100S
under atmospheric conditions. Eight water droplets were placed and analyzed along a
diagonal on the substrate surfaces. Thus, the contact angles correspond to the average
values of these eight values. The water contact angle measurements were carried out by
Gundula Hidde (BAM 6.7).
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6.3.2 Atomic force microscopy
The AFM topographies were recorded by Mario Sahre (BAM 6.7) on Scanning Probe
Microscope Dimension 3100 AFM, Digital Instruments GmbH (Bruker) Measurement
oscillating in intermittent contact, probe: silicon (NCLR, NanoSensors), nominal radius 10
nm; Resonant frequency approx. 170 kHz, amplitude attenuation approx. 5%; 512 x 256
measurement points. The film thicknesses and RMS roughnesses were estimated via
software supported data analysis (Gwydion 2.4.1).

6.3.3 X-ray photoelectron spectroscopy
The hybrid films were characterized via XPS on a Sage 150 Spektrometer. Survey spectra
were acquired at constant pass energy, and the elemental quantification was conducted
by using software supported surface analysis. The high-resolution scans of core level of
carbon were recorded at lower pass energy. The XPS measurements and data analysis
were conducted by Dr. Korinna Altmann (BAM 6.6).

6.3.4 Infrared external reflection spectroscopy
IRRAS spectra were recorded on a Nicolet FTIR spectrometer from ThermoFisher
Scientific equipped with a variable-angle reflection attachment. The angle of incidence was
set to 84°. Due to the low IR reflectivity of the glass substrate, the glass slides were
sputtered with gold (layer thickness  40 nm) and treated with atmospheric-pressure
plasma for 15 min at a current of 1.49 A.

6.4 Synthesis
All reactions were conducted under anhydrous conditions under nitrogen atmosphere. The
reaction vessels were dried at 150 °C overnight to remove traces of water. All RAFT
mediated polymerizations were carried out under strict exclusion of oxygen to prevent
retardation during the polymerization, due to the biradical character of molecular oxygen.

6.4.1 Preparation of 0.05M AIBN stock-solution
A Schlenk flask was charged with AIBN (164 mg, 1.0 mmol) and tightly sealed with a rubber
septum. The solid AIBN was dissolved in 1,4-dioxane (20 mL) and the solution was
degassed by bubbling nitrogen through the solution for 30 min at room temperature.
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6.4.2 Preparation of 1M TESPMA stock-solution
In a Schlenk flask equipped with a stirring bar and sealed with a rubber septum TESPMA
(5.9 mL, 20 mmol) was added and dissolved in 1,4-dioxane (20 mL). The solution was
degassed by bubbling nitrogen through the solution for 30 min at room temperature.

6.4.3 Synthesis of 2-tetrahydropyranylethyl methacrylate

O

O

O

O

PPTS (2.1 g, 8.2 mmol) was added to a solution of HEMA (10 mL, 82.4 mmol) in
dichloromethane (30 mL), followed by addition of DHP (11.3 mL, 123.6 mmol). The
colorless mixture was stirred for 4 h at room temperature. After stirring, the mixture was
diluted in diethyl ether (100 mL), washed with half-saturated brine (3 x 100 mL) and dried
over MgSO4. The organic layer was concentrated in vacuo and purified by flash column
chromatography (ethyl acetate, 1 Vol.-% TEA) to afford the product in a racemic mixture
as yellowish liquid. (16.4 g, 76.5 mmol, 92.8%). Rf = 0.8 (ethyl acetate, 1 Vol.-% TEA). 1HNMR (DMSO-d6, 400 MHz): δ = 6.11–5.98 (m, 1H), 5.74–5.66 (m, 1H), 4.66–4.62 (m, 1H),
4.39–4.14 (m, 2H), 3.90–3.37 (m, 4H), 1.89 (s, 3H), 1.77–1.36 (m, 6H) ppm.

13C-NMR

(DMSO-d6, 101 MHz): δ = 166.71 (s), 136.04 (s), 125.99 (s), 98.02 (s), 64.73 (s), 63.93
(s), 61.28 (s), 30.29 (s), 25.19 (s), 19.12 (s), 18.18 (s). MS (ESI): m / z 237 [M + Na]+.

6.4.4 Synthesis of poly-2-tetrahydropyranylethyl methacrylate via CBPA mediated
RAFT polymerization
O

CN

S
n
S
O

HO
O

O

O

A Schlenk tube equipped with a stirring bar was charged with CBPA (28 mg, 0.1 mmol),
tightly sealed with a rubber septum and CBPA was dissolved in 1,4-dioxane (10 mL). THP–
HEMA (2.16 mL, 10 mmol) was added to the solution and the mixture was degassed by
three freeze-pump-thaw cycles. Next, the mixture was immersed in a pre-heated oil bath
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(T = 60, 70, 80 °C) and equilibrated for 15 min. To start the polymerization a degassed
0.05 M AIBN stock-solution in 1,4-dioxane (0.5 mL, 0.025 mmol) was syringed into the
reaction mixture. After 24 h of stirring, the reaction mixture was cooled down in a water/ice
bath and exposed to air to terminate the polymerization. Then, 1,4-dioxane was
evaporated at reduced pressure to afford the crude product. The crude product was redissolved in THF (≈ 5 mL), precipitated into cold methanol (≈ 40 mL) three times and dried
under reduced pressure at 40 °C overnight to afford the product as pinkish solid. (Yield ≈
70–80%) (DMSO-d6, 400 MHz): δ = 4.68–4.57 (m, 1H), 4.17–3.94 (m, 2H), 3.86–3.70 (m,
2H), 3.65–3.40 (m, 2H), 1.95–1.40 (m, 6H), 1.10–0.75 (m, 3H) ppm. IR (ATR, cm–1): 2940
(as (CH2, CH3)), 2870 (s (CH2, CH3)), 1719 ( (C=O)), 1260 ( (C-O)), 1140 ( (C-O-C)),
1074 (as (C-O)) cm–1.

6.4.5 Synthesis of poly-2-tetrahydropyranylethyl methacrylate via CDTSPAmediated RAFT polymerization
O

CN

HO

S
n

O

O

O

S
S

CH3
11

O

A Schlenk tube equipped with a stirring bar was charged with CDTSPA (0.041 mg, 0.1
mmol), tightly sealed with a rubber septum and CDTSPA was dissolved in 1,4-dioxane (10
mL). To the solution was added THP–HEMA (2.16 mL, 10 mmol) and the mixture was
degassed by three freeze-pump-thaw cycles. Next, the mixture was immersed in a preheated oil bath (T = 60, 70, 80 °C) and equilibrated for 15 min. To start the polymerization
a degassed 0.05 M AIBN stock-solution in 1,4-dioxane (0.5 mL, 0.025 mmol) was syringed
into the reaction mixture. After 24 h of stirring, the reaction mixture was cooled down in a
water/ice bath and exposed to air to terminate the polymerization. Then, 1,4-dioxane was
evaporated at reduced pressure to afford the crude product. The crude product was redissolved in THF (≈ 5 mL), precipitated into cold methanol (≈ 40 mL) three times and dried
under reduced pressure at 40 °C overnight to afford the product as yellowish solid. (Yield
≈ 80%) (DMSO-d6, 400 MHz): δ = 4.68–4.57 (m), 4.17–3.94 (m), 3.86–3.70 (m), 3.65–
3.40 (m), 1.95–1.40 (m), 1.10–0.75 (m) ppm. IR (ATR, cm–1): 2940 (as (CH2, CH3)), 2870
(s (CH2, CH3)), 1719 ( (C=O)), 1260 ( (C-O)), 1140 ( (C-O-C)), 1074 (as (C-O)) cm–1.
Tg: (3.7 ± 1) °C.
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6.4.6 Synthesis of poly-2-tetrahydropyranylethyl methacrylate-block-poly-3(triethoxysilyl) propyl methacrylate
O

CN

S

HO

n
O

m

OO

O

O

S
S

CH3
11

O
O
O
Si
O

A Schlenk tube equipped with a stirring bar was charged with P(THP–HEMA)-MacroCTA
(MnNMR = 20.4 kDa, 695 mg, 0.034 mmol), tightly sealed with a rubber septum and
dissolved in 1,4-dioxane (5 mL). TESPMA (1.0 mL, 3.4 mmol, DPTarget = 100; 0.5 mL, 1.7
mmol, DPTarget = 50; 0.25 mL, 0.85 mmol, DPTarget = 25) was added to the solution and the
mixture was degassed by three freeze-pump-thaw cycles. Next, the mixture was immersed
in a pre-heated oil bath (T = 60, 70, 80 °C) and equilibrated for 15 min. To start the
polymerization a degassed 0.05 M AIBN stock-solution in 1,4-dioxane (0.34 mL, 0.017
mmol) was syringed into the reaction mixture. After 24 h of stirring, the reaction mixture
was cooled down in a water/ice bath and exposed to air to terminate the polymerization.
Then, 1,4-dioxane was evaporated at reduced pressure to afford the crude product. The
crude product was re-dissolved in THF (≈ 2.5 mL), precipitated into a cold methanol/water
(70/30) mixture (≈ 40 mL) three times and dried under reduced pressure at 40 °C for 2 h
to afford the product as yellowish solid. (Yield ≈ 70%) The pure product was stored in
anhydrous THF at a concentration of 100 mg mL –1 to inhibit the formation of silica
aggregates. (CDCl3, 400 MHz): δ = 4.68–4.57 (m), 4.20–4.02 (m), 3.95–3.77 (m), 3.68–
3.46 (m), 2.09–1.48 (m), 1.28–1.17 (m), 1.12–0.76 (m), 0.68–0.54 (m) ppm. IR (ATR, cm–
1):

2926 (as (CH2, CH3)), 2880 (s (CH2, CH3)), 1726 ( (C=O)), 1154 ( (C-O)), , 1074 (as

(C-O)), 1035/803 ( (Si-O species)) cm–1.
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6.4.7 Synthesis of poly-2-tetrahydropyranylethyl methacrylate-block-poly-3(triisopropoxysilyl) propyl methacrylate
O

CN

S

HO

n
OO

O

O

O

m

S
S

CH3
11

O
O
O
Si
O

A Schlenk tube equipped with a stirring bar was charged with P(THP–HEMA)-MacroCTA
(MnNMR = 20.4 kDa, 695 mg, 0.034 mmol), tightly sealed with a rubber septum and the
polymer dissolved in 1,4-dioxane (5 mL). IPSMA (1.20 mL, 3.4 mmol, DPTarget = 100; 0.6
mL, 1.7 mmol, DPTarget = 50; 0.3 mL, 0.85 mmol, DPTarget = 25) was added to the solution
and the mixture was degassed by three freeze-pump-thaw cycles. Next, the mixture was
immersed in a pre-heated oil bath at 60 °C and equilibrated for 15 min. To start the
polymerization a degassed 0.05 M AIBN stock-solution in 1,4-dioxane (0.34 mL, 0.017
mmol) was syringed into the reaction mixture. After 24 h of stirring, the reaction mixture
was cooled down in a water/ice bath and exposed to air to terminate the polymerization.
Then, 1,4-dioxane was evaporated at reduced pressure to afford the crude product. The
crude product was re-dissolved in THF (≈2.5 mL), precipitated into a cold methanol/water
(70/30) mixture (≈ 40 mL) three times and dried under reduced pressure at 40 °C for 2 h
to afford the product as yellowish solid. (Yield ≈ 70%) The pure product was stored in
anhydrous THF at a concentration of 100 mg mL –1 to inhibit the formation of silica
aggregates. (CDCl3, 400 MHz): δ = 4.68–4.59 (m), 4.29–4.05 (m), 3.91–3.78 (m), 3.67–
3.46 (m), 2.02–1.48 (m), 1.25–1.12 (m) 1.10–0.78 (m), 0.60–0.49 (m) ppm. IR (ATR, cm–
1):

2926 (as (CH2, CH3)), 2880 (s (CH2, CH3)), 1726 ( (C=O)), 1214 ( (C-(CH3)2), 1154

( (C-O)), 1074 (as (C-O)), 1035/824/788 ( (Si-O species)) cm–1.
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6.4.6 Synthesis of poly-2-tetrahydropyranylethyl methacrylate-statistical-poly-3(triethoxysilyl) propyl methacrylate
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A Schlenk flask equipped with a stirring bar was charged with CDTSPA (40 mg, 0.1 mmol),
tightly sealed with a rubber septum and dissolved in 1,4-dioxane (10 mL). THP–HEMA and
TESPMA were added to the solution, as detailed in Table 20 and 21, degassed by bubbling
argon through the mixture for 30 min at room temperature and immersed in a pre-heated
oil bath at 60 °C.

Table 20. Experimental conditions for THP–HEMA.
MTHP–HEMA

mTHP–HEMA

nTHP–HEMA

VTHP–HEMA

(g mol–1)

(g)

(mmol)

(mL)

5:1

214.26

1.78

8.33

1.78

3:1

214.26

1.61

7.50

1.60

1:1

214.26

1.07

5.00

1.06

1:3

214.26

0.54

2.50

0.53

1:5

214.26

0.36

1.67

0.35

MTESPMA

mTESPMA

nTESPMA

VTESPMA

(g mol–1)

(g)

(mmol)

(mL)

1:5

290.43

2.42

8.33

2.47

1:3

290.43

2.17

7.50

2.22

1:1

290.43

1.45

5.00

1.48

3:1

290.43

0.73

2.50

0.74

5:1

290.43

0.49

1.67

0.49

THP–HEMA:TESPMA

Table 21. Experimental conditions for TESPMA.

THP–HEMA:TESPMA
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After 15 min of pre-equilibration, an aliquot of a degassed 0.05 M AIBN stock-solution in
1,4-dioxane (0.5 mL, 0.025 mmol) was added to start the reaction. After 24 h of stirring,
the reaction mixture was cooled down in a water/ice bath and exposed to air to terminate
the polymerization. Then, 1,4-dioxane was evaporated at reduced pressure to afford the
crude product. The crude product was re-dissolved in THF (≈5 mL), precipitated into a
cold methanol/water (70/30) mixture (≈ 40 mL) three times and dried under reduced
pressure at 40 °C for 2 h to afford the product as yellowish solid. (Yield ≈ 70%) The pure
product was stored in anhydrous THF at a concentration of 100 mg mL –1 to inhibit the
formation of silica aggregates. (CDCl3, 400 MHz): δ = 4.68–4.57 (m), 4.20–4.02 (m), 3.95–
3.77 (m), 3.68–3.46 (m), 2.09–1.48 (m), 1.28–1.17 (m), 1.12–0.76 (m), 0.68–0.54 (m) ppm.
IR (ATR, cm–1): 2926 (as (CH2, CH3)), 2880 (s (CH2, CH3)), 1726 ( (C=O)), 1154 ( (CO)), 1074 (as (C-O)), 1035/803 ( (Si-O species)) cm–1.

6.4.8 Synthesis of blocky poly-2-tetrahydropyranylethyl methacrylate-gradientpoly-3-(triethoxysilyl) propyl methacrylate
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A Schlenk flask equipped with a stirring bar was charged with CDTSPA (40 mg, 0.1 mmol),
tightly sealed with a rubber septum and dissolved in 1,4-dioxane (10 mL). To the solution
was added THP–HEMA (1.6 mL, 7.5 mmol) and TESPMA (0.74, 2.5 mmol), degassed by
bubbling argon through the mixture for 30 min at room temperature and immersed in a preheated oil bath at 60 °C. After 15 min of pre-equilibration, was added an aliquot of a
degassed 0.05 M AIBN stock-solution in 1,4-dioxane (0.5 mL, 0.025 mmol) to start the
reaction. After 3.5 h and 7 h reaction time, a degassed 1 M solution of TESPMA in 1,4dioxane (2.5 mL, 2.5 mmol) was syringed into the reaction mixture. After 24 h of stirring,
the reaction mixture was cooled down in a water/ice bath and exposed to air to terminate
the polymerization. Then, 1,4-dioxane was evaporated at reduced pressure to afford the
crude product. The crude product was re-dissolved in THF (≈5 mL), precipitated into a
cold methanol/water (70/30) mixture (≈ 40 mL) three times and dried under reduced
pressure at 40 °C for 2 h to afford the product as yellowish solid. (Yield ≈ 70%) The pure
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product was stored in anhydrous THF at a concentration of 100 mg mL –1 to inhibit the
formation of silica aggregates. (CDCl3, 400 MHz): δ = 4.68–4.57 (m), 4.20–4.02 (m), 3.95–
3.77 (m), 3.68–3.46 (m), 2.09–1.48 (m), 1.28–1.17 (m), 1.12–0.76 (m), 0.68–0.54 (m) ppm.
IR (ATR, cm–1): 2926 (as (CH2, CH3)), 2880 (s (CH2, CH3)), 1726 ( (C=O)), 1154 ( (CO)), 1074 (as (C-O)), 1035/803 ( (Si-O species)) cm–1.

6.4.9 Synthesis of poly-2-tetrahydropyranylethyl methacrylate-gradient-poly-3(triethoxysilyl) propyl methacrylate
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A Schlenk flask equipped with a stirring bar was charged with CDTSPA (40 mg, 0.1 mmol),
tightly sealed with a rubber septum and dissolved in 1,4-dioxane (7.5 mL). THP–HEMA
(1.6 mL, 7.5 mmol) was added to the solution, degassed by bubbling argon through the
mixture for 30 min at room temperature and immersed in a pre-heated oil bath (T = 70 or
80 °C). Using an air tight syringe a degassed 1M solution of TESPMA in 1,4-dioxane (7.5
mL) was transferred and connected via a flexible needle to the Schlenk flask. After addition
of an aliquot of a degassed 0.05 M AIBN stock-solution in 1,4-dioxane (0.5 mL, 0.025
mmol), the 1M TESPMA stock solution was continuously added to the copolymerization
mixture by using a WPI NE-1000 programmable single syringe pump. After 24 h of stirring,
the reaction mixture was cooled down in a water/ice bath and exposed to air to terminate
the polymerization. Then, 1,4-dioxane was evaporated at reduced pressure to afford the
crude product. The crude product was re-dissolved in THF (≈5 mL), precipitated into a
cold methanol/water (70/30) mixture (≈ 40 mL) three times and dried under reduced
pressure at 40 °C for 2 h to afford the product as yellowish solid. (Yield ≈ 70%) The pure
product was stored in anhydrous THF at a concentration of 100 mg mL –1 to inhibit the
formation of silica aggregates. (CDCl3, 400 MHz): δ = 4.68–4.57 (m), 4.20–4.02 (m), 3.95–
3.77 (m), 3.68–3.46 (m), 2.09–1.48 (m), 1.28–1.17 (m), 1.12–0.76 (m), 0.68–0.54 (m) ppm.
IR (ATR, cm–1): 2926 (as (CH2, CH3)), 2880 (s (CH2, CH3)), 1726 ( (C=O)), 1154 ( (CO)), 1074 (as (C-O)), 1035/803 ( (Si-O species)) cm–1.
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6.4.7 Acid catalyzed deprotection of P(THP–HEMA)
Into a flask equipped with a stirring bar and a rubber septum PTHP–HEMA (1.00 g, MnNMR
= 20.4 kDa) was placed. The deprotection of the THP-moieties was adapted from
previously reported procedures as follows:

A) P(THP–HEMA) was dissolved in methanol (10 mL) and PTSA (0.19 g, 1 mmol).
was added to the solution. Next, the solution was stirred at room temperature for
24 h.[153]
B) P(THP–HEMA) was dissolved in an AcOH/THF/water mixture (9.5 mL) in a ratio of
4/2/1. Next, the mixture was stirred at 45 °C for 24 h.[154]
C) P(THP–HEMA) was dissolved in ethanol (10 mL) and PPTS (0.25 g, 1 mmol) was
added to the solution. Next, the solution was stirred at 55 °C for 24 h.[140]

After stirring, the polymer mixture was transferred into a dialysis tube and dialyzed against
ethanol at room temperature over three days. After purification a white solid was obtained.
(DMSO-d6, 400 MHz): δ = 4.88–4.77 (m), 4.00–3.82 (m), 3.70–3.51 (m), 2.08–1.67 (m),
1.02–0.68 (m) ppm. IR (ATR, cm–1): 3401 ( (hydrated O-H)), 2945 (as (CH2, CH3)), 2876
(s (CH2, CH3)), 1719 ( (C=O)), 1248 ( (C-O)), 1151 (as (C-O)) cm–1. Tg: (79.8 ± 1) °C.

6.5 Sol-gel grafting-onto spin-coating
Spin-coating was carried out at room temperature by using a SPIN 150i Spin Coater from
SPS Europe equipped with a vacuum chuck to mechanically hold the glass substrate. As
glass substrates cover slips (size: 18 x 18 mm, thickness: 0.5-0.6 mm) from Menzel Gläser
were used.

6.5.1 Glass surface immobilization
The cover slips were immersed in freshly prepared piranha acid for 30 min at room
temperature and then, thoroughly washed with deionized water. The wet cover slips were
dried at room temperature overnight.
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6.5.2 Copolymer solution preparation
From a P(THP–HEMA-grad-PTESPMA) (c ≈ 100 mg mL–1) stock solution in anhydrous
THF an aliquot (0.5 mL) was taken an aliquot (0.5 mL) and diluted with THF (0.4 mL). To
the copolymer solution deionized water (0.1 mL) was added yielding a copolymer
concentration of 50 mg mL–1. Next, the copolymer solution was passed through a Mircropur
GF syringe filter (pore size: 1.0 µm, filter-: 25 mm, vendor: Altmann Analytik) to remove
dust and copolymer aggregates from the solution, and to the solution was added 1M HCl
or 1M NaOH (2-3 droplets) as catalyst.

6.5.3 General procedure
The immobilized glass substrates were placed in the center of the chuck holder and
mechanically fixed by applying vacuum to the substrate. Next, on the center of the glass
substrate a droplet of THF (150 µL) was added and the glass substrate was rotated for 60
sec. at 3000 rpm to remove residual impurities from the glass surface. Then, a droplet of
freshly prepared copolymer solution (150 µL) was added on the center of the glass
substrate and the glass substrate was rotated again for 60 sec. at 3000 rpm. The thin
copolymer films were dried at 40 °C overnight.

6.5.4 Acid catalyzed cleavage of THP groups on a glass substrate
The hybrid inorganic/organic copolymer coated glass slide was immersed in a 0.1M PTSA
solution in methanol (5 mL) and gently shake at room temperature for 24 h. Next, the
coated glass slide was thoroughly washed with deionized water and dried at 40 °C
overnight.

6.6 Micromechanical analysis
For the preparation of test samples, spin-coated glass slides were used that were carefully
dried before use at room temperature ( 1 week). Next, between two coated glass slides
was placed a 1 mm thick PTFE-foil (18 mm x 18 mm) as spacer to give an epoxy resin
volume (VEpoxy) of 90 mm3 and an epoxy resin area (AEpoxy) of 90 mm2. The sample was
fixed with a stainless-steel clamp and immersed in the low viscosity epoxy resin. Due to
capillary forces and adhesive forces the low viscosity epoxy resin was sucked into the
cavity between the two glass slides, as shown in Figure 48A. The low viscosity epoxy resin
was composed of Hexion EPIKOTE Resin MGS RIM 135 as resin and Hexion EPIKURE
CuringAgent MGS RIM H 137 as hardener (resin : hardener = 3.33 : 1 by weight). To
prevent the formation of bubbles and other inhomogeneities within the epoxy resin, both
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components were slowly mixed with a stirring bar on a magnetic stirrer over 1 h at room
temperature. The curing of the epoxy resin was accomplished at 100 °C for 2 h, as reported
previously. [147, 148] After curing, the sample was allowed to cool down to room
temperature and the PTFE-foil was carefully removed. Then, the sample was mounted
between two metal holders by using a UHU Plus 2-K-Epoxide glue, as demonstrated in
Figure 48B.

A

C

B

pulling direction
sample attachment

sample

Figure 48. A) Image of glass-model-sample after curing of the epoxy resin. B) Image of
the metal holders used to attach the sample to the Zwick 1454 tensile testing set-up. C)
Custom-built setup for the measurement of force-displacement-curves on a Zwick 1454
tensile testing machine.
The glue was allowed to cure over three days at room temperature. The mode 1 tensile
tests were carried out with a custom-built setup on a Zwick 1454 tensile testing machine
under ambient conditions, as demonstrated in Figure 47C. The tensile ramp () was set to
0.5 mm min–1 and the maximum displacement to 1 mm. The measurements were recorded
under the guidance of Dr. Gerhard Kalinka (BAM 5.3) and Lothar Buchta (BAM 5.3). Three
force-displacement-curves for each sample were recorded. Consequently, the Fmax and
max values correspond to the average values of these three measurements.
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7.1 NMR Spectra
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Figure 49. 1H NMR spectrum of THP–HEMA in DMSO-d6.
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Figure 50. 13C NMR Spectrum of THP–HEMA in DMSO-d6.
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Figure 51. 1H NMR spectrum of P(THP–HEMA)-b-PIPSMA in CDCl3.
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Figure 52. 1H NMR spectrum of P(THP–HEMA)-grad-PTESPMA in CDCl3.

111

7 Appendix
7.2 Mass Spectra

Figure 53. Mass spectrum of THP–HEMA.

7.3 IR spectra
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Figure 54. Absorbance IR-ATR spectrum of P(THP–HEMA).
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Figure 55. Absorbance IR-ATR spectrum of deprotected P(THP–HEMA).
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Figure 56. Absorbance IR-ATR spectrum of P(THP–HEMA)-b-PTESPMA.
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Figure 57. Absorbance IR-ATR spectrum of P(THP–HEMA)-b-PIPSMA.
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Figure 58. Absorbance IR-ATR spectrum of P(THP–HEMA)-stat/grad-PTESP
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