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SYNTHESIS OF CLICKABLE HYDROGELS AND LINEAR POLYMERS
BY TYPE II PHOTOINITIATION
SUMMARY
Photoinitiated polymerization is a well-known technique exploited in many
technologically important areas. Compared with the corresponding thermal
processes, the light induced polymerization offers a number of advantages, including
rapid polymerization rates at room temperature, and spatial and sequential control of
the polymerization. Despite these advantages, photoinitiated polymerization
processes lack the control of the final polymer properties and structurally welldefined polymers. There currently exist only a few examples, photochemical
initiation can be applied to all conventional controlled/living radical polymerizations
including iniferter, nitroxide mediated radical, atom transfer radical polymerization
and reversible addition-fragmentation chain transfer polymerizations. The
photochemical initiation not only enables the easy control of the polymerization
under ambient temperature even for heat-sensitive monomers but also tends to
minimize side reactions like chain transfer or depolymerization. The concentration of
initiating species and finally growing polymer chains may be conveniently adjusted
by choosing appropriate light intensities.
A photoinitiator or photoinitiator system is defined as a molecule or combinations of
molecules that, upon absorption of light, initiate the polymerization. Photoinitiators
for radical polymerization are classified as cleavage (Type I) and H-abstraction type
(Type II) initiators.The majority of Type I photoinitiators are aromatic carbonyl
compounds. Type II photoinitiators or bimolecular photoinitiators are photoiniating
systems consist of a photoinitiator such as benzophenone, thioxanthone or quinone
and a coinitiator such as alcohol or amine. Photoinitiation by these compounds is
based on the reaction of their triplet (excited) states with a hydrogen donor thereby
producing an initiating radical. In view of applications, the selection of the coinitiator is undoubtedly of great importance. Mostly, amines are used because of their
high efficiency and their relatively low price.The bimolecular hydrogen abstracting
type photoinitiating systems, acting in the visible range, are wellknown.
On the other side, hydrogels as crosslinked hydrophilic polymers, are studied and
synthesized by Type II photoinitiator polymerization system. Some types of
hydrogels can be photopolymerized in vivo and in vitro in the presence of
photoinitiators using visible or ultraviolet (UV) light.
Photopolymerization is used to convert a liquid monomer or macromer to a hydrogel
by free radical polymerization in a fast and controllable manner under ambient
conditions. Photopolymerized hydrogels have been investigated for a number of
biomedical applications. Camphorquinone in conjunction with an alcohol is a typical
example for the respective system. Their functionalization opens the way to modify
or to manipulate with their properties towards many fields. Herein the “Click”
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chemistry is chosen as an approach to modify the hydrogels after their
functionalization.
Atom Transfer Radical Polymerization (ATRP) is among the most effective and most
widely used methods of controlled radical polymerization (CRP). ATRP is an
exceptionally robust way to uniformly and precisely control the chemical
composition and architecture of polymers as well as the uniform growth of every
polymer chain, while employing a broad range of monomers. ATRP is based on an
inner sphere electron transfer process, which involves a reversible homolytic
(pseudo)halogen transfer between a dormant species, an added initiator or dormant
propagating chain end (R-X or R-Pn-X) and a transition metal complex in the lower
oxidation state (Mtm/Ln), resulting in the formation of propagating radicals (R•) and
the metal complex in the higher oxidation state with a coordinated halide ligand (e.g.
X-Mtm+1/Ln). The active radicals form with a measurable rate constant of activation
kact, subsequently propagate with a rate constant kp and are reversibly deactivated
kdeact, but, since ATRP is a radical based process, the active species can also
terminate with a rate constant kt.
“Click” chemistry, one of the subjects of this thesis, is a modular synthetic approach
towards the assembly of new molecular entities. This powerful strategy relies mainly
upon the construction of carbon–heteroatom bonds using spring-loaded reactants. Its
growing number of applications are found in nearly all areas of modern chemistry
from drug discovery to materials science. The copper(I)-catalysed 1,2,3-triazole
forming reaction between azides and terminal alkynes has become a standard of
“click” chemistry due to its reliability, specificity and biocompatibility. By using the
efﬁcient “click” reaction, different architectures of macromolecules such as
dendrimers, dendronized linear polymers, hydrogels, supra-polymers and novel
conjugated polymers can be created. “Click” chemistry strategy has also been
implemented for the preparation of segmented copolymers of monomers
polymerizable by different mechanisms.
In this thesis, a simple and convenient photochemical method of preparing hydrogels
possessing reactive acetylenic sites is presented. In order to demonstrate the success
of the process and confirm the presence of desired functional groups, a model
reaction was performed. Thus, a fluorescent molecule, azido-pyrene was used as the
antagonist “click” component and conjugated onto the hydrogel by “Click” reaction.
The applicability of the described system on linear polymers was also demonstrated
by click blocking of photochemically prepared acetylene functional poly(methyl
methacrylate) (PMMA-Ac) with azidated polystryrene (PS-N3) prepared by means of
a controlled polymerization, namely Atom Transfer Radical Polymerization (ATRP).
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II. TİP FOTOBAŞLATICILARI KULLANARAK ÇIT ÇIT KİMYASINA
UYGUN HİDROJEL VE LİNEER POLİMERLERİN SENTEZİ
ÖZET
Son zamanlarda, fotobaşlatılmış polimerizasyon pek çok ekonomik ve ekolojik
beklentiyi biraraya getirdiği için hayli ilgi çekmektedir. Oda sıcaklığında yüksek
polimerizasyon hızı, düşük enerji tüketimi, çözücüsüz ortamada polimerizasyon,
uygulanacak yüzey alanı ve uygulama süresinin kontrol edilebilmesi gibi avantajlar
sağlamaktadır. Fotopolimerizasyon radikalik, katyonik ve anyonik olarak
başlatılabilse de çok sayıda fotobaşlatıcının ve yüksek reaktivitedeki monomerlerin
bulunulabilirliği açısından radikalik sistemlere daha fazla ilgi duyulmaktadır.
Kontrollü radikal polimerizasyonların avantajları olarak molekül ağırlığının polimer
dönüşümüyle doğrusal bağıntı içinde olması, dolayısıyla istenilen molekül ağırlığının
elde edilmesi, monodisperse yakın dar bir molekül ağırlığı dağılımı elde edilmesi,
zincir sonunda fonksiyonel gruplara sahip polimerler elde edilmesi (telekelik
polimerler), polimer moleküler mimari yapısının kontrol edilmesi (blok
kopolimerler), sayılabilir. Günümüzde kullanılan kontrollü radikal polimerizasyon
metodlarının çoğu termal olarak başlatılmaktadır. Fotopolimerizasyon yönteminde
ise bu amaç için ısı yerine ışık kullanılmaktadır.
Basitçe ışıkla başlatılmış polimerizasyon reaksiyonlarına fotopolimerizasyon denir.
Fotobaşlatıcının uygun bir dalga boyundaki ışık absorpsiyonu sonucunda oluşan
primer radikaller tek fonksiyonlu monomerlerin polimerizasyonunu sağlarken çok
fonksiyonlu monomerlerinde çapraz bağlı yapılara dönüştürülmesini sağlar.
Fotobaşlatıcılar, radikal oluşturma mekanizmalarına göre (birinci tip fotobaşlatıcılar)
ve (ikinci tip fotobaşlatılar) fotobaşlatıcılar olmak üzere iki ayrı sınıfa ayrılır.
Birinci tip fotobaşlatıcılar, radikal vermek üzere doğrudan fotoparçalanmaya uğrayan
çeşitli fonksiyonel gruplar içeren aromatik karbonil bileşiklerdir. Genellikle
fotoparçalanma aromatik karbonil grubun yanındaki bağdan (α yarılması)
gerçekleşir. İkinci tip fotobaşlatıcılar, (α yarılması) için gerekli olan yeterli enerjisine
sahip olmadıkları için, ancak uygun hidrojen verici moleküllere enerji aktarımı veya
bu moleküllerden hidrojen koparma sonucu radikalleri üretirler. En geniş kullanımı
olan serbest radikal fotobaşlatıcılar, benzoin, benzil ketalleri, asetofenon türevleri,
açilfosfin oksitler (birinci tip fotobaşlatıcılar) ve benzefenon, tiyokzanton, kinon
/tersiyer amin kombinasyonlarıdır (ikinci tip fotobaşlatıcılar). UV ışığıyla
fotopolimerizasyon için aktive edilen birinci tip fotobaşlatıcı bileşenleri, çok
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kullanışlı; fakat görünür ışık bölgesindeki kürleşmelerde yetersizlerdir. İkinci tip
sistemlerde, polimerizasyonun başlaması hidrojen verici molekül üzerinde oluşan
radikaller vasıtasıyla gerçekleşirken etkin olmayan ketil radikalleri birbirleriyle
birleşerek ortamdan kaybolur. İkinci tip fotobaşlatıcılarda hidrojen verici moleküller
olarak alkol, amin, eter ve tiyol molekülleri kullanılır.
Termal polimerizasyonla karşılaştırıldığında fotopolimerizasyon oda sıcaklığında
hızlı, zamansal ve mekan kontrollü olmasından dolayı büyük avantajlara sahiptir.
Fakat bu avantajların yanında fotopolimerizasyonla elde edilen polimerin molekül
ağırlığı, molekül ağırlık dağılımı ve fonksiyonalitesi gibi özelliklerin kontrolü
mümkün değildir. Bundan dolayıda blok ve aşı gibi kopolimerlerin sentezi
fotopolimerizasyonla gerçekleşmesi kısıtlıdır. Günümüzde kullanılan iniferter,
nitroksitle büyütülmüş radikal polimerizasyon ve atom transfer radikal
polymerizasyon (ATRP) gibi kontrollü/yaşayan termal polimerizasyon tekniklerinin
fotokimyasal başlatılmış birkaç örnekleri mevcuttur. Fotokimyasal olarak başlatılan
kontrollü/yaşayan polimerizasyonlarda zincir transfer ve depolimerizasyon gibi yan
reaksiyonların minimize edilmesinden dolayı daha düşük molekül ağırlık dağılımına
sahip polimerler elde edilmektedir. Ayrıca uygun ışık şiddeti seçilerekte hem
başlatıcı konsantrasyonu hem de polimer zincirlerinin boyu ayarlanabilir.
Hidrojeller, polimer ağları olarak, fiziklsel veya kimyasal olarak birbirine çapraz
bağlı üç boyutlu bir yapıya sahiptir. Bu çözünmeyen çapraz bağlı yapı aynı zamanda
aktif maddelerin immobilizasyonunu ve biyomoleküllerin etkinliğini maddelerin
spesifik olarak salması özelliğiyle sağlar. Hidrojeller, kısmen temel ilkeler
sebeplerden kısmen de geniş uygulama sebepleriden dolayı uzun yıllar boyunca
büyük ilgi çekmiştir. Gerek yüksek su tutma özellikleri, gerekse de bulundukları
ortamın şartlarına bağlı olarak su tutma kapasitelerinin büyük oranda değişebilmesi,
hidrojellerin birçok alanda kullanımına imkan tanımaktadır. Ayrıca hidrojeller,
içeriğinin yüksek su içerme özelliğinden ve buna bağlı biyolojik uyumluluğundan
dolayı biyomedikal alanlarda başarılı bir şekilde kullanılmaktadır. Sentetik
polimerlere dayanan hidrojeller, doğal biyomalzemelere nazaren çok yönlü
kullanılabilirliği ve düşük maliyeti sayesinde çeşitli biyomedikal ve endustri
alanlarında kullanılmaktadır. Özellikle PEG hidrojelleri son yıllarda toksik olmama,
hidrofilik ve vücuda uyumlu yapıları nedeniyle dikkat çekmeye başlamıştır.
Son yıllarda sıkça gündeme gelen, temelleri 2001 yılında Sharpless ve çalışma
arkadaşları tarafından sağlamlaştırılan “klik” kimyası organik sentez dünyasına yeni
bir yaklaşım getirmiştir. “Klik” kimyası Huisgen reaksiyonu da olarak bilinmektedir.
“Klik” reaksiyonları terminal asetilenler ve azidler arasında gerçekleşen
reaksiyonlardır. “Klik” reaksiyonlarının tercih edilir olmalarının sebepleri arasında;
makul reaksiyon koşullarında gerçekleştirilebilmeleri, yüksek verim alınabilmesi,
yüksek seçicilik ile gerçekleşmeleri, fonksiyonel grup çeşitliliğine olanak
sağlamaları, kısa reaksiyon sürelerine sahip olmaları ve kullanılan çözücülere karşı
hassas olmamaları gösterilebilir. “Klik” reaksiyonlarının uygulama alanları
kullanılacak polimer tiplerine bağlı olarak çeşitlendirilebilir.
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Bu çalışmada, reaktif asetilen grubu içeren hidrojellerin basit ve uygun fotokimyasal
yöntemiyle sentezi anlatılmaktadır. İstenilen fonksiyonel grupların varlığını
kanıtlamak ve kullanılan yöntemin başarısının göstermek amaciyla model bir
reaksiyon gerçekleştirildi. Böylece, azido-piren floresans molekülü antagonist “klik”
bileşeni olarak kullanılarak “klik” reaksiyonuyla hidrojele konjuge edilmiştir.
Ayrıca, bahsedilen sistemin lineer polimerler üzerinde uygulanabiliriliği de
fotopolimerizasyon yöntemi ile elde edilen asetilen fonksiyonlu polimetilmetakrilatın
bir kontrollü polimerizasyon çeşidi olan ATRP ile sentezlenip azid
fonksiyonlandırılan polistiren ile blok kopolimerizasyonuyla gösterildi.
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1. INTRODUCTION
Hydrogels are chemically and/or physically cross-linked three-dimensional
hydrophilic macromolecular networks that are capable of absorbing large amounts of
water or biological fluids. Over the past few decades, hydrogels/hydrophilic
polymers prepared by various polymerization methods and organic reactions have
received significant interest because of their potentials in areas such as
pharmaceutics, biology, chemistry, medicine and so on.[1-6] These networks
possessing three dimensional structure, were formed either physically or chemically.
Traditionally, hydrogels are prepared by photo- or redox polymerization of watersoluble vinyl monomers, and crosslinking of hydrophilic macromonomers.
Hydrogels in the micro- and nano- form may be produced by solution polymerization
under selected conditions.[7-10] Recently, chemoselective crosslinking reactions
induced by simply mixing polymer component solutions have become a common
method for the preparation of such materials. Several biocompatible coupling
reactions such as those between aldehyde and hydrazide[11, 12] as well as, Michael
additions of thiols[13, 14], have successfully been employed for the formation of
hydrogels.
Cu(I)-catalyzed azide-alkyne cycloaddition, commonly known as “Click Chemistry,”
has proven to be the most influential method for the preparation of complex
macromolecular structures[15, 16], polymeric networks, and biomaterials.[17] In our
laboratory, particularly CuAAC click reactions were successfully used for the
preparation of functional polymers and networks.[18-25] Such reactions have also
been employed in the synthesis of hyperbranched-type complex structures.[26] We
have focused on the use of these types of “click” reactions for the synthesis of
various macromolecular architectures.[27-33] It seemed that click chemistry could be
an important tool for extending possible combinations of conventional polymers with
polyconjugated systems.
The reported approaches for the preparation of hydrogels using “Click” Chemistry
are based on crosslinking of acetylene or azide-functionalized polymers under mild
1

conditions. Depending on the previously reported studies associated with diverse
actions of “click” reactions, we envisioned that clickable sites could be incorporated
into hydrogels during the preparation step under particular conditions. The difference
between the reactivity of olefinic and acetylenic bonds towards radicals governs the
selectively formation of hydrogel with alkyne functional groups,[34] which are the
key components of subsequent “click” reaction.
Photopolymerization has several advantages compared to thermal polymerization
such as low energy requirement, spatial control, and fulfillment of green chemistry
demands since polymerization processes may operate without solvent.[35-37] Free
radical photopolymerization is based on the photochemical generation of initiating
species through two main processes, namely, cleavage (Type I) or hydrogen
abstraction (Type II) reactions. In Type II systems, initiating radicals are generated by
bimolecular interactions of compounds whose triplet (excited) states readily react
with hydrogen donors.[38-44] Many thioxanthone and camphorquinone based
photoinitiators were developed and successfully used in various applications.[45-54]

2

2. THEORETICAL PART
2.1 Photochemistry
Initially, a photon needs to be absorbed for any subsequent photochemical reaction to
occur in a molecule. Numerous aspects are necessary for a photochemical reaction to
occur: (i) overlap must exist between the spectral emission of the light source and the
absorption spectra of the targeted chromophore, (ii) the absorbed photon must have
sufficient energy to enable the desired reaction, and (iii) the energy must ultimately
lead to appropriate orbital transitions in the target molecule to cause the desired
reaction. Formulations used in photoinitiated processes thus must contain a
photosensitive molecule that has an absorption in the wavelength range in which the
process is to be conducted. For an effective reaction to occur, a photon is absorbed
either directly by a molecule that also contains the targeted reactive functional group
or by a molecule that generates reactive intermediates (e.g., generation of
radical/ionic intermediates for polymerization/crosslinking reactions). It also can be
absorbed by a photosensitizing molecule that interacts with other molecules in the
formulation while in its excited state (i.e., photosensitization) to cause one of the
former reactions.
Photon absorption promotes an electron from its ground state (S0) to its excited
singlet state (S1), which is described in a typical Jablonski diagram (Figure 2.1).[55]
In the absence of any photochemical processes, S1, representing the excited singlet
state of the chromophore, either deactivates to S0 by fluorescence emission or
through internal conversion by heat dissipation. Alternatively, it undergoes
intersystem crossing (ISC) to a triplet state (T1). T1 either deactivates to S0 by
phosphorescence emission or by ISC. These photophysical processes are in
competition with photochemical processes, which include the various targeted
reactions.
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Figure 2.1 : Jablonski diagram. The excited singlet state (S1) undergoes intersystem
crossing (ISC) to a triplet state (T1), which leads to various photochemical reactions.… ……………………………………………
2.2 Photopolymerization
Photopolymerization is concerned with absorption of ultraviolet radiation to produce
an unstable excited species. Subsequent formation of a free radical by rearrangement,
fragmentation or energy transfer, followed by attack to a monomer, leads to
polymerization. The photoinitiated polymerization of monomers and oligomers to
form crosslinked higher molecular weight material is the basis for most of the
commercial applications of photopolymer technology. Photopolymerization is one of
the most rapidly expanding processes for materials production. The reactive
monomeric materials that are most commonly used are low molecular weight
unsaturated acrylate or methacrylate monomers that can be made to crosslink with
the use of a radical generating photoinitiator.[56] Cationic initiated crosslinking of
monomeric materials with epoxy and/or vinyl ether functionality has increased in
practicality with the development of new higher efficiency photoinitiators that
generate cationic species (e.g. strong acids) upon exposure.[57] Typical
photopolymer formulations contain a photoinitiator system, monomers and
oligomers, a polymer or polymers to provide specific physical and/or processing
properties and a variety of additives to modify the physical properties of the light
sensitive composition or the final properties of the cured photopolymer.
Photopolymerization chemistry is commercially utilized in a wide variety of
applications (e.g. coatings, adhesives, sealants, printing plates and so on). Since a
free-radical mechanism is involved in photpolymerization, to the typical conditions
governing thermal polymerization must be added the many factors (e.g., irradiation
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source, photoinitiator, wavelength screening, catalyst, temperature, solvent, presence
of oxygen, etc.) associated with ultraviolet-induced polymerization. The excited
species is formed by subjecting the photoinitiator or photosensitizer to ultraviolet
radiation. PI*, the excited molecule, possesses more energy than the ground state and
is, therefore, capable of transferring energy to another substance or a monomer
which then undergoes bond cleavage to give a free-radical initiation site. PI* is then
returned to the ground-state energy level PI and is no longer available to transfer
energy to form active sites. Disappearance of PI* may also occur without initiation;
it may take the form of thermal energy, fluorescence, or energy transfer. (Figure 2.2).
Photo-induced polymerization has also been used for the preparation of block and
graft copolymers. Funt and Collins[58] applied the techniques of focusing a beam of
intense ultraviolet radiation on a stream of monomer containing a free-radical
initiator. The polymer chain grows to a certain block length which still possesses
active end groups and this block is permitted to fall into a second monomer reservoir.
Polymers containing functional groups susceptible to photolysis also provide
initiation sites for the synthesis of block and graft copolymers.
2.3 Types of photopolymerization
2.3.1 Photoinitiated free radical rolymerization
Photoinitiated free radical polymerization is one of the most widely employed route
in industrial applications because of its applicability to a wide range of formulations
based on acrylates, unsaturated polyesters, and polyurethanes and the availability of
photoinitiators having spectral sensitivity in the near-UV or visible range.
It consists of four distinct steps:
i) photoinitiation step involves absorption of light by a photosensitive compound or
transfer of electronic excitation energy from a light absorbing sensitizer to the 5
photosensitive compound. Homolytic bond rupture leads to the formation of a radical
that reacts with one monomer unit.
ii) propagation step involves repeated addition of monomer units to the chain radical
produces the polymer backbone.
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iii) chain transfer step involves termination of growing chains by hydrogen
abstraction from various species (e.g., from solvent) and formation of new radicals
capable of initiating other chain reactions.
iv) termination step involves termination of chain radicals by disproportionation or
recombination reactions. Termination can also occur by recombination or
disproportionation with any other radical including primary radicals produced by the
photoreaction.

Figure 2.2 : Elementary reactions in free radical photopolymerization.
The role that light plays in photopolymerization is restricted to the very first step,
namely the absorption and generation of initiating radicals. The reaction of these
radicals with monomer, propagation, transfer and termination are purely thermal
processes; they are not affected by light. In most cases of photoinduced
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polymerization, initiators are used to generate radicals. Photoinitiators are generally
divided into two classes, Type I and Type II, according to the process by which
initiating radicals are formed.
2.3.1.1 Type I photoinitiators (Unimolecular photoinitiator system)
Photoinitiators termed unimolecular are so designated because the initiation system
involves only one molecular species interacting with the light and producing freeradical active centers. These substances undergo a homolytic bond cleavage upon
absorption of light.
Initiating radicals, formed by direct photofragmentation process (α or less common β
cleavage) of Type I photoinitiators upon absorption of light, are capable of triggering
polymerization. As illustrated in Figure 2.3, the photoinitiator forms an excited
singlet state, which then undergoes rapid intersystem crossing to form a triplet state.
In the triplet state, two radicals (benzoyl and benzyl radicals) are generated by αcleavage fragmentation. The benzoyl radical is the major initiating species, while, in
some cases, the benzyl radical may also contribute to the initiation.

Figure 2.3 : Formation of initiating radicals from decomposition of a Type I
photoiniator. ………………………………………
Most of the Type I photoinitiators are aromatic carbonyl compounds with appropriate
substituents. Benzoin ether derivatives, benzil ketals, hydroxylalkylphenones, αaminoketones and acylphosphine oxides are the most efficient ones (Table 2.1).[5962]
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Table 2.1 : Structures of typical Type I radical photoinitiators.
Photoinitiator

Structure

λmax

Benzoin ethers

323

Benzyl ketals

365

Acetophenones

340

Benzyl oxymes

335

Acylphosphine
oxides

380
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2.3.1.2 Type II photoinitiators (Bimolecular photoinitiator system)
The excited states of certain compounds do not undergo Type I reactions because
their excitation energy is not high enough for fragmentation (i.e., their excitation
energy is lower than the bond dissociation energy). The excited molecule can
however react with another component of the polymerization mixture (co-initiator
(COI)) to produce initiating radicals (eq. 2.1). In this case, radical generation follows
second-order kinetics (eq. 2.2).

(2.1)

(2.2)
Typical Type II photoinitiators include aromatic carbonyls such as benzophenone and
derivatives[63-66], thioxanthone and derivatives[67-72], benzil[63], quinines[63], and
organic dyes[72-77], whereas alcohols, ethers, amines, and thiols are used as
hydrogen donors.
Alternative approach concerns the attachment of both chromophoric and hydrogen
donating groups into polymer chains. This way, the odor and toxicity problems
observed with the conventional photoinitiators and amine hydrogen donors were
overcome.
Table 2.2 : Structures of typical Type II radical photoinitiators.
Photoinitiator

Structure

λmax

Benzophenones

335

Thioxantones

390
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Table 2.2 : Structures of typical Type II radical photoinitiators (continued)

Coumarins

370

Camphorquinones

470

In fact, photoinitiators with higher wavelength absorption characteristics are desired
as they cost lower energy and are defined to be “green”. Typical photoinitiators for
Type II system are listed in Table 2.2.
Radical generation by Type II initiating systems has two distinct pathways:
Photoinduced electron transfer reactions and subsequent fragmentation
Photoinduced electron transfer is a more general process, which is not limited to a
certain class of compounds and is more important as an initiation reaction
comprising the majority of bimolecular photoinitiating systems. The photoexcited
compounds (sensitizer) can act as either an electron donor with the coinitiator as an
electron acceptor or vice-versa. The radical ions obtained after the photoinduced
electron transfer can generally undergo fragmentation to yield initiating radicals (eq.
2.3-2.5)
The electron transfer is thermodynamically allowed, if Gibbs Energy Change (ΔG)
calculated by the Rehm-Weller equation (eq. 2.6) is negative.[78]
(2.3)
(2.4)
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(2.5)
(2.6)
Where F = Faraday constant,
E1/2ox(D/D+ •) – E1/2red(A/A⁻ •) = Redox potentials of the donor and acceptor,
Es = Excitation state of the reactive site of the sensitizer; Es = hυ,
ΔG = Coulomb stabilization energy
Electron transfer is often observed for aromatic ketone/amine, aromatic/alcohol pairs
and with dye/coinitiator systems.
Hydrogen abstraction from a suitable hydrogen donor
Bimolecular hydrogen abstraction is limited to diaryl ketones.[79] The free radical
generation process is the H-abstraction reaction of triplet photoinitiator from
hydrogen donors (R-H) such as amines and alcohols. The radical derived from the
donor can initiate the polymerization, whereas ketyl radicals stemming from
aromatic carbonyl compound are usually not reactive toward vinyl monomers
because of bulkiness, the delocalization of the unpaired electrons, or both. The
overall process is depicted in the example of benzophenone in Figure 2.4.

Figure 2.4 : Formation of initiating radicals from photolysis of Type II photoinitiator
in the presence of suitable hydrogen donor. ……………….
Many efforts have been addressed towards the development of very efficient
photoinitiators[80], oligomers[81] and monomers[82]. 1,2-Diketones, such as
camphorquinone in combination with an appropriate co-initiator are most used
initiators. These diketones exhibit low intensity nπ* transitions in the range between
400 and 500 nm. Alcohols are used as co-initiators in these systems. The α-alcoholradicals initiate the polymerization reaction, while the ketyl radical mainly dimerizes
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or disproportionates. As the diketone is destroyed by photochemical reduction
(Figure 2.5), these initiators start the formation of crosslinks.

Figure 2.5 : Comphorquinone/Alcohol Initiation Reaction
2.3.1.3 Effect of oxygen on photopolymerization
Oxygen is a well-known strong inhibitor of radical-induced polymerizations due to
its high reactivity towards radicals. By scavenging the initiator radicals, oxygen
reduces the rate of polymerization, thus longer exposure time is required.[83] One of
the first examples of the effects of oxygen on photocuring was described by
Wight.[84]
2.3.1.4 Crosslinking free radical polymerization
The free radical copolymerization of a monomer M with a bis-unsaturated monomer
N is of special interest as it yields crosslinked species, which have found a wide
variety of applications. When the process starts, the system is binary and it can be
treated as a regular free radical copolymerization. However, as soon as some N units
have been added to radical sites, pendent double bonds are formed (Figure 2.6),
which exhibit their own reactivity. From there, the system involves three different
polymerizable constituents: M monomer, N monomer and the pendant unsaturations;
the system has become ternary.

12

Figure 2.6 : Crosslinking by free radical polymerization
2.3.1.5 Monomers
Unsaturated monomers, which contain a carbon–carbon double bond (C=C), are used
extensively in free radical photopolymerizations. The free-radical active center reacts
with the monomer by opening the C=C bond and adding the molecule to the growing
polymer chain. Most unsaturated monomers are able to undergo radical
polymerization because free-radical species are neutral and do not require electrondonating or electron-withdrawing substituents to delocalize the charge on the
propagating center, as is the case with ionic polymerizations. Commercial
consideration in formulation development is therefore given to the final properties of
the polymer system, as well as the reactivity of the monomer. Acrylate and
methacrylate

monomers

are

by

far

most

widely

used

in

free-radical

photopolymerization processes. These monomers have very high reaction rates, with
acrylates having an even faster reaction rate than their methacrylate counterparts.[85]
This makes them especially amenable for high speed processing needed in the films
and coatings industry.
Multiacrylates increase the mechanical strength and solvent resistance of the ultimate
polymer by forming cross-linked networks rather than linear polymer chains,
whereas monoacrylates reduce the viscosity of the prepolymer mixture for ease of
processing.[85, 86] One of the drawbacks of acrylate and methacrylate systems is
their relatively large polymerization shrinkage. Shrinkage is caused by the formation
of covalent bonds between monomer molecules. When a covalent bond is formed
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between two monomer molecules, the distance between them is approximately half
as much as that between two molecules experiencing van der Waal’s forces in
solution. This shrinkage causes stresses in the polymer parts, which can affect their
ultimate performance, especially in applications such as stereo lithography, dentistry,
and coatings.
2.3.2 Photo-induced anionic polymerization
There are a wide range of reactions that could be catalyzed by a base, including
urethane formation from alcohols and isocyanates, ring opening reaction of epoxies
by nucleophilic species and Michael addition reactions. Several of these reactions are
important in industrial applications. Most base-catalyzed processes are inert to
oxygen and moisture, which is a great advantage for applications in coatings, in
contrast to radical and cationic photopolymerizations due to their inhibition by
oxygen and moisture, respectively.
The primary limitation on the implementation of base catalyzed reactions is a lack of
suitable photoinitiating systems. Most photoinitiators, or photolatent bases, that are
reported to date, suffer either from low catalytic activity and long-term stability or
solubility in the organic media and limited availability.
Yagci and co-workers[87-89] demonstrated that weak base generating photoinitiator
systems can be used to initiate zwitterionic polymerization of cyano acrylates. NAlkoxypyridinium and N-Phenacylpyridinium type salts were shown to be effective
initiators for such zwitterionic polymerization. Manners[90] reported that
sila[1]ferrocenophanes undergo ring-opening polymerization when treated with
Na[C5H5] and UV light (Figure 2.7).

Figure 2.7 : An example of photoinitiated anionic polymerization.
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2.3.3 Photo-induced cationic polymerization
Epoxy and vinyl ether based monomers that are prone to cationic polymerization are
of low volatility and negligible toxicity and possess good rheological properties.[91]
In contrast to free radical polymerization, molecular oxygen does not inhibit the
polymerization, and hence films can be cured in the presence of dry air. Moisture
generally terminates the polymerization.
Photoinitiated cationic polymerizations are generally accomplished with the aid of
onium salts. The past two decades have seen a rapid growth in the research of new
photoinitiators for cationic polymerization. Among them, the onium-type
photoinitiators such as iodonium[92], sulfonium[93, 94], and alkoxypyridinium[9597] salts are important due to their thermal stability, solubility in most of the
cationically polymerizable monomers, and efficiency in generating reactive species
upon photolysis.[98]

Figure 2.8 : General scheme of photoinitiated cationic polymerization
A photo-sensitive compound, namely photoinitiator (PI), absorbs incident light and
undergoes decomposition leading to production of initiating species. Active species,
namely a radical cation (R+ •) in turn, react with cationic polymerizable monomers
(M), and yield polymer (Figure 2.8).
Photoinduced decomposition and subsequent reaction of the radical cation with
solvent or monomer lead to the formation of Bronsted acid,which is responsible for
further initiation.
2.4 Hydrogels
Hydrogels are defined as three-dimensional networks of hydrophilic polymers that
are able to absorb up to hundreds of times their dry weight in water. Hydrogels based
on synthetic polymers, thanks to their versatility and low costs compared with natural
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biomaterials, have been successfully employed in a variety of biomedical
applications, ranging from ophthalmic and vascular prostheses to drug delivery and
soft-tissue replacement.[99-101] They are water swollen polymer matrices, with a
tendency to imbibe water when placed in aqueous environment. This ability to swell,
under biological conditions, makes it an ideal material for use in drug delivery and
immobilization of proteins, peptides, and other biological compounds. Due to their
high water content, these gels resemble natural living tissue more than any other type
of synthetic biomaterial.[102] These networks, have a three dimensional structure,
crosslinked together either physically, or chemically. This insoluble crosslinked
structure allows immobilization of active agents, biomolecules effectively, and
allows for its release in well-defined specific manner. Thus the hydrogels”
biocompatibility and crosslinked structure are responsible for its varied applications.
2.5 Poly(ethylene) glycol (PEG) as suitable material for hydrogel synthesis
It is known that hydrophilic monomers provide a distinct advantage in both
fabrication and application of hydrogels. The premier material used today for both
drug delivery, cell encapsulation and as adhesion promoters is Poly (ethylene glycol)
hydrogels. PEG is nontoxic, thus ideal for biological applications, and can be
injected into the body without adverse effects.
It is also an FDA approved materials for use in humans. Acrylate monomers are
esters containing vinyl groups, that is two carbon atoms double bonded to each other,
directly attached to the carbonyl atom. On exposure to UV radiation, the
photoinitiator,

photofragments

to

yield

radicals.

These

radicals

initiate

polymerization, by attacking the C=C double bonds present in the acrylate groups. In
linear chain formation, branched as well as crosslinked structures are also formed,
thus forming an insoluble three dimensional polymer network. This polymer network
is the hydrogel, which can be used further on different fields and purposes.
2.6 Atom transfer radical polymerization (ATRP)
2.6.1 Mechanism
ATRP is controlled by an equilibrium between propagating radicals and dormant
species, predominately in the form of initiating alkyl halides/macromolecular species
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(PnX). The dormant species periodically react with the rate constant of activation
(kact) and with transition metal complexes in their lower oxidation state, Mtm/L.
Acting as activators Mtm represents the transition metal species in oxidation state m
and L is a ligand) and deactivators transition metal complexes in their higher
oxidation state, coordinated with halide ligands X−Mtm+1/L (Figure 2.9).

Figure 2.9 : Representation of ATRP mechanism.
The deactivator reacts with the propagating radical in a reverse reaction (kdeact) to reform the dormant species and the activator. ATRP is a catalytic process and can be
mediated by many redox-active transition metal complexes (CuI/L and X−CuII/L has
been the most often used transition metal but other studied metals include Ru, Fe,
Mo, Os, etc.).[103]
The rate of an ATRP depends on the rate constant of propagation and on the
concentrations of monomer and growing radicals. The structure of the ligand and
monomer/dormant species as well as reaction conditions (solvent, temperature, and
pressure) can strongly influence the values of the rate constants, kact [104] and kdeact [105],
and their ratio, KATRP.[106, 107] Rates of ATRP increase with catalysts activity
(KATRP) but under some conditionsmay decrease, due to radical termination and a
resulting low [CuI/L]/[ X−CuII/L] ratio, due to buildup in the concentrationof
deactivator via the persistent radical effect.[108] ATRP is a very robust and versatile
synthetic technique for preparation of polymers with precisely controlled architecture
and site specific functionality. ATRP is a very robust and versatile synthetic
technique for preparation of polymers with precisely controlled architecture and site
specific functionality.
2.6.2 Radicals as propagating species
The “living” nature of ATRP originates in fast initiation, concurrent growth of all
chains via intermittent activation of dormant species catalyzed by Cu complexes,
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resulting in a small fraction of terminated chains. Although non radical active species
were proposed inATRP[109], there is abundant evidence that ATRP operates via a
radical mechanism.
2.6.3 Removal of copper
One limitation of the “early” ATRP procedures was associated with the relatively
high concentration of catalyst, often equimolar to initiator. This high concentration of
catalyst was required to overcome radical termination reactions.[110, 111]
Purification methods included passing the polymer solution through silica or neutral
alumina columns[112], stirring with an ion-exchange resin[113], clay[114],
precipitation of polymers into a nonsolvent[115], or the use of a heterogeneous
catalyst that could be isolated after polymerization.[116]
2.7 Block copolymers
Block copolymers comprise two or more homopolymer subunits linked by covalent
bonds. The union of the homopolymer subunits may require an intermediate nonrepeating subunit, known as a junction block. Block copolymers with two or three
distinct blocks are called diblock copolymers and triblock copolymers, respectively.
Copolymers may also be described in terms of the existence of or arrangement of
branches in the polymer structure. Linear copolymers consist of a single main chain
whereas branched copolymers consist of a single main chain with one or more
polymeric side chains.
Block copolymers are made up of blocks of different polymerized monomers. For
example, PS-b-PMMA is short for polystyrene-b-poly(methyl methacrylate) and is
usually made by first polymerizing styrene, and then subsequently polymerizing
MMA from the reactive end of the polystyrene chains. This polymer is a "diblock
copolymer" because it contains two different chemical blocks. Triblocks, tetrablocks,
multiblocks, etc. can also be made. Diblock copolymers are made using living
polymerization techniques, such as atom transfer free radical polymerization
(ATRP), reversible addition fragmentation chain transfer (RAFT), ring-opening
metathesis polymerization (ROMP), and living cationic or living anionic
polymerizations.[117]
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Block copolymers are normally prepared by controlled polymerization of one
monomer, followed by chain extension with a different monomer[118] to form AB or
ABC block copolymers. Halogen exchange is recommended for the preparation of
block copolymers when one is moving from a macroinitiator of lower activity, such
as a styrene or an acrylate, to continue the polymerization with a monomer that forms
a more reactive dormant species, such as a methacrylate or acrylonitrile if one desires
to obtain a narrow polydispersity for the second block. The following diagram shows
the arrangement of blocks in an AB diblock (1), an ABA triblock (2), an ABC
triblock (3), and a starblock (4) (Figure 2.10).

Figure 2.10 : Different types of block copolymers
2.8 “Click” chemistry
In 2001, Sharpless introduced the concept of “click” chemistry, one of the most
versatile and modular approaches to couple two reactive partners in a facile, quick,
selective, reliable and high yield reaction under mild conditions.[17]
“Click” chemistry also provides a powerful and versatile tool for materials synthesis
owing to its simplicity, selectivity, efficiency, and tolerance of various functional
groups. Consequently, a wide range of controlled-architecture materials have been
synthesized through various “click” reactions, including block polymers, micelles,
dendrimers, gels, and networks. An alternative and elegant strategy to incorporate
clickable groups on polymer chains is to functionalize the polymerization initiator
with a click reactant (such as an azide or alkyne), thus avoiding the necessity for
post-polymerization modification prior to ligation.
In 2006, Barner-Kowollik and co-workers employed clickable groups into RAFT
initiator structures by synthesizing azide- and alkyne-modified, conventional RAFT
agents to mediate the polymerization of styrene and vinyl acetate.[119] Besides the
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widely used azide and alkyne functional groups, other click type reactants, such as
aldehydes and aminooxys, have been utilized for the facile synthesis of complex
polymer architectures, such as star copolymers.
Although the simplicity and efficiency of “click” chemistry has been extensively
explored in linear/cyclic block copolymer synthesis, it has also found utility as an
effective tool in preparation of materials with complex architectures. Nischang et al.
employed radical-mediated thiol-ene click chemistry to functionalize hierarchically
structured cubic polyhedral silesquioxanes.[120]
“Click” chemistry has also been applied to the formation of polymer networks.
Indeed, “click” reactions are particularly well suited for the synthesis and
modification of hydrogels to achieve tunable properties. By applying click reactions
to form a hydrogel and subsequently using light to spatially pattern chemical
functionality through photo-click and photo-cleavage reactions, they have
demonstrated the ability to pattern physical characteristics in three dimensions
throughout the hydrogel.[121]
Thiol-click reaction, diels-alder and azide-alkyne cycloaddition reaction are selected
here as representatives because of their fast reaction kinetics and wide utility in
applications. Each of the selected reactions has recently been implemented and is
particularly versatile in the context of material synthesis and functionalization.[122]

Figure 2.11 : Overview and classification of some types of “click” reactions.
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2.8.1 Thiol- based “Click” reaction
Despite the azide-alkyne cycloadditon reaction, there exists a constellation of thiol
reactions that have also been considered to be “click reactions and that have been
broadly applied in materials science. Among this thiol-X family of reactions, one
particularly common thiol-based click reaction is the radical-mediated addition of a
thiol to a vinyl.
The radical-mediated thiol-ene reaction is also an excellent example of the
importance of reaction conditions in determining under what circumstances a
reaction behaves in a manner consistent with the click paradigm. Thiol-ene click
reactions comprise another class of powerful tools in imprint and lift-off lithography.
In 2008, Hawker and co-workers used thiol-ene chemistry to fabricate tunable PEGand polysiloxane-based, cross-linked elastomers.[123]
Recently, the radical-mediated thiol-ene mechanism has been complemented by the
thiol-yne mechanism wherein a thiol and alkyne are coreacted in a 2:1 ratio with
each alkyne capable of reacting with two thiols in an alternating chain transfer and
propagation process that is mechanistically equivalent to the thiol-ene reaction.[124127]
2.8.2 Diels-Alder cycloaddition
The Diels-Alder cycloaddition is one of the most powerful and widely used reactions
in organic synthesis and has been employed extensively in polymer chemistry
applications such as block copolymer synthesis, formation of highly cross-linked
networks, and self-healing materials.[128-132] The Diels-Alder reaction, first
described by Otto Diels and Kurt Alder in 1928, is a [4+2] cycloaddition reaction
between a diene and a dienophile to form a cyclohexene adduct. One attractive
characteristic of the Diels-Alder reaction that has been exploited in polymer
chemistry is its thermal reversibility, which can be utilized in temperature-controlled
reversible polymer network formation, particularly in self-healing applications.[133]
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2.8.3 Azide-alkyne cycloaddition of copper catalyzed alkyne-azide cycloaddition
(CuAAC)

Figure 2.12 : Azyde-alkyne cycloaddition
The 1,3-dipolar cycloaddition of azides with alkynes was first discovered by Hüisgen
in 1963. However, it did not attract much interest until it was demonstrated that this
high temperature reaction could also be carried out under mild conditions using Cu(I)
as the catalyst, and with tremendous regio-selectivity. This was discovered
simultaneously and independently by Meldal and his group in Denmark, and Fokin
and Sharpless in USA.[134-137]
The CuAAC reaction has been successfully introduced in many different scientific
areas, and its potential has been demonstrated in materials chemistry[138],
polymers[139, 140], nanoparticle synthesis[141] etc.
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3. EXPERIMENTAL PART
3.1 Materials
3.1.1 Solvents
Chloroform (CHCl3, VWR, 99,2%)
It was used as received.
Toluene (Merck, 99,9%)
It was used as received.
Diethyl ether (J.T. Baker)
It was used as received.
Methanol (Merck, 99,9%)
It was used as received.
1,4 dioxane (Riedel-deHaen,99,5%)
It was used as received.
Dimethylformamide (DMF, Aldrich)
It was used as received.
Pyridine (Aldrich, ≥99.0%)
It was used as received.
Tetrahydrofuran THF (HiPerSolv CHROMANORM® for HPLC)
It was used as received.
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Cyclohexane laboratory reagent (Aldrich, ≥99.8%)
It was used as received.
3.1.2 Chemicals
Methyl methacrylate (MMA, Aldrich, 99%)
It was passed through a short neutral activated aluminum oxide (0.063-0.200 mm)
column before use.
Styrene (Aldrich, 99%)
It was passed through a short neutral activated aluminum oxide (0.063-0.200 mm)
column before use.
Camphorquinone (97%, Aldrich)
It was used as received.
Poly(ethylene glycol) methyl ether methacrylate (PEGMA; Aldrich, Mn=300)
It was used as received.
Poly(ethylene glycol) diacrylate (PEGDA; Aldrich, average Mn=575)
It was used as received.
Bromoethane (≥98%, Aldrich)
It was used as received.
Chlorotrimethylsilane (≥98%, Aldrich)
It was used as received.
Sulfuric acid (95-97%, Aldrich)
It was used as received.
Magnesium sulfate anhydrous (for analysis EMSURE®)
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It was used as received.
N,N,N’,N’,N” pentamethyldiethylenetriamine (PMDETA; 99%)
It was used as received.
Ethyl 2-bromopropionate (EtBP) (98%)
It was used as received.
Copper(I) bromide (Aldrich, ≥98%)
It was used as received.
Sodium azide (99%)
It was used as received.
Propargyl alcohol (PA, 99%, Aldrich)
It was used as received.
p-Toluenesulfonyl chloride (Aldrich, ≥99.0%)
It was used as received.
1-Pyrenemethanol (Aldrich, 98%)
It was used as received.
Tetrabutylammonium fluoride solution (Aldrich, 1 M in THF)
It was used as received.
2-Azidomethyl pyrene
It was used as received.
3-(trimethylsilyl)propargyl alcohol[142]
Was synthesized according to the previously reported procedure.[142]
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3.2 Characterization
3.2.1 1H-Nuclear magnetic resonance spectroscopy (1H-NMR)
1

H NMR measurements were recorded using an Agilent VNMRS 500 MHz

instrument.
3.2.2 Infrared spectroscopy (FT-IR)
The FTIR spectra are recorded at Perkin Elmer Spectrum One with an ATR
accessory (ZnSe, Pick Miracle Accessory) and cadmium telluride (MCT) detector.
Resolution was 4 cm-1 and 12 scans with 0.2 cm/s scan speed
3.2.3 Gel permeation chromatography (GPC)
Molecular weights and molecular weight distributions were determined by SEC
performed in THF as eluent. The apparent molecular weights (Mn) and
polydispersities (Mw/Mn) were determined by gel permeation chromatography (GPC)
using a Viscotek GPCmax auto-sampler system consisting of a pump, three
ViscoGEL GPC columns (G2000HHR, G3000HHR and G4000HHR) (7.8 mm
internal diameter, 300 mm length), and a Viscotek differential refractive index (RI)
detector with THF as eluent at a flow rate of 1.0 mL/min at 30°C. The effective
molecular weight separations of the columns are ranging as 456–42,800 g/mol for
G2000HHR; 1050–107,000 g/mol for G3000HHR; and 10,200– 2,890,000 g/mol for
G4000HH. The detector was calibrated with polystyrene standards having narrow
molecular weight distribution and the quoted molecular weights of the polymers
therefore are expressed in terms of polystyrene equivalents. Data were analyzed
using Viscotek OmniSEC Omni-01 software.
3.3 Synthesis
3.3.1 Synthesis of alkyne functional hydrogels
Hydrogels were synthesized through light-induced free radical polymerization. A
typical procedure for the preparation of the gels is as follows. A DMF solution of
PEGMA (1.05 mmol), PEGDA (5.25 x 10-2 mmol), camphorquinone (5.25 x 10-2
mmol) and propargyl alcohol (5.25 x 10-2 mmol) was purged with nitrogen gas for
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4-5 minutes and transferred into a special silicon material piece tightly jammed
between two microscope glass slides. After sealing with paraffin, 45-minute
irradiation from a KER-Vis blue photoreactor equipped with 6 lamps (Philips TL-D
18 W) emitting light nominally at 400–500 nm at room temperature resulted in the
formation of the desired hydrogel. After polymerization, the glassware mold was
gently opened and removed, and the formed gel was kept in deionized water at room
temperature for at least two days for the removal of unreacted reagents.
3.3.2 Synthesis of 2-azidomethyl pyrene (Py-N3)
The synthesis of azide functionalized pyrene (Py-N3) was adapted from the
literature[143, 144] (Figure 4.3). 1-Pyrenemethanol (0.847 g, 3.65 mmol) was
dissolved in 10mL chloroform under nitrogen atmosphere and cooled down in an ice
bath (0°C) and pyridine (0.6 mL, 7.3 mmol) was added. Then, toluene-4-sulfonyl
chloride (1.040 g, 5.48 mmol) dissolved in 10mL of chloroform was slowly added to
the reaction flask at cold. The reaction mixture was stirred overnight at room
temperature. The solvent was removed under vacuum and the obtained viscous liquid
tosylate was used in azidation reaction without any purification. Sodium azide (0.202
g, 3.1 mmol) was added to solution of the obtained tosylate (0.400 g, 1.04 mmol) in
DMF and the reaction mixture was stirred for 2 days at 65ºC. After extraction of the
crude product with CH2Cl2/water, the organic layer was dried with anhydrous
MgSO4 and solvent was evaporated by rotary evaporator. The oily product was
precipitated in cold water and centrifuged. The yellow product was dried under
vacuum.
3.3.3 Functionalization of hydrogels by “Click” reaction
In a typical click reaction, after drying by lyophilization above obtained gel, CuBr
(0.156 mmol), PMDETA (0.156 mmol), 2-azidomethyl pyrene (0.104 mmol) and 5
mL of DMSO were placed in a Schlenk tube. The reaction mixture was degassed by
three freeze-pump-thaw cycles and stirred at 40ºC. After 24 h, the modified hydrogel
was placed in deionised water; NH3 solution and water, consecutively, to remove
unreacted reagents, especially CuBr.
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Figure 3.1 : Schematic representation for hydrogel functionalization
3.3.4 Synthesis of azide end-functional polystyrene (PS-N3)
Copper bromide (24.8 mg, 0.17 mmol), styrene (2 mL, 17 mmol), PMDETA (59.96
mg, 0.35 mmol), and EtBP (31.3 mg, 0.17 mmol) were added to a Schlenk tube,
which was then sealed and degassed by three freeze-pump thaw cycles. The mixture
was heated and stirred at 110ºC in an oil bath. After 3h, the polymerization was
ceased by opening the flask and exposing the catalyst to air. The final mixture was
diluted in THF and passed through a short neutral alumina column in order to
remove copper catalyst. The mixture was concentrated by rotary evaporation and
subsequently precipitated in methanol. The precipitated polystyrene was filtered and
dried under vacuum. The obtained bromine end-functional polystyrene (8800 g/mol,
0.17 mmol), sodium azide (0.17 mmol) and 3 mL of DMF were added in a flask. The
clear homogeneous solution was stirred at room temperature for 24 h. Then,
polystyrene was precipitated in methanol, filtered and dried under vacuum.

Figure 3.2 : Synthesis of PS-N3
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3.3.5 Preparation of 3-(trimethylsilyl)propargyl alcohol
300 mL, three-necked, round-bottomed flask (equipped with a mechanical stirrer and
a thermometer) is fitted with a Claisen adapter on which is mounted a 25 mL
pressure-equalizing addition funnel and a reflux condenser. The apparatus is flushed
with nitrogen and then charged with 4.87 g (2.0 mol) of magnesium turnings and 100
mL of dry THF. To the stirred suspension is added dropwise 14.95 mL (2.0 mol) of
bromoethane over 180 min. while maintaining the temperature at 50°C or less. After
complete addition, the gray–green solution is heated at 50°C for 60 min. and then
cooled to 5°C on ice. A solution of 4.16 mL (0.72 mol) of propargyl alcohol in 4.2
mL of THF is cautiously added dropwise to the gray suspension over 75 min. while
maintaining the temperature at 10°C or less. The addition funnel is rinsed with 2.5
mL of THF and the gray–green suspension is stirred overnight. The resulting solution
is cooled to 5°C on ice and the addition funnel is charged with 25.4 mL (2.0 mol) of
chlorotrimethylsilane. This is added dropwise to the stirred solution over 60 min.
while maintaining the temperature at 25°C or less by external cooling with ice. After
complete addition, the mixture is heated to reflux for 120 min. with a heating mantle.
The suspension is cooled to 20°C on ice and then 80 mL of 1.4 M aqueous sulfuric
acid is cautiously added over 45 min. so that the temperature remains below 45°C.
The resulting solution is stirred for 5 min. and then 60 mL of ether is added. Both
phases are transferred to a 500 mL separatory funnel and the layers are separated.
The aqueous phase is extracted twice with 40 mL portions of ether and all ether
layers are individually washed in series with two 100 mL portions of water and once
with 80 mL of saturated sodium chloride solution. The combined organic extracts are
dried over magnesium sulfate and concentrated by rotary evaporation. The yellow–
brown residue is purified by short path distillation to afford 8.2–8.6 g (91–94% yield)
of 3-(trimethylsilyl)propargyl alcohol as a clear, colorless liquid, bp 76°C.[142]
(Scheme 3.3).

Figure 3.3 : Synthesis of 3-(trimethylsilyl)propargyl alcohol
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3.3.6 Preparation of acetylene functional poly(methyl methacrylate) (PMMAAc)
MMA (0.963 g, 9.61 mmol), camphorquinone (0.0159 g, 9.61 x 10-2 mmol) and 3(trimethylsilyl)propargyl alcohol (0.0123 g, 9.61 x 10-2 mmol) were added to a Pyrex
tube, which was purged with gaseous nitrogen and then sealed. The mixture was
irradiated under the conditions described for hydrogel preparation for 60 min. At the
end of the reaction, the final mixture was diluted with THF and subsequently
precipitated in methanol. The precipitated polymer was filtered and dried under
vacuum (Mn = 17 200 g mol-1, Mw/Mn = 1.65). A suspension of above obtained
polymer (2.89 x 10-2 mmol) was dissolved in THF containing 5% water under an
inert atmosphere, and 1M TBAF solution (1.44 mmol) was added. The mixture was
stirred for 150 min. at room temperature. The polymer was subsequently precipitated
in 10-fold excess of methanol, washed sequentially with MeOH, H2O, and again with
MeOH and finally dried again in vacuum oven.
3.3.7 “Click” coupling of PS-N3 and PMMA-Ac
In a Pyrex tube, PS-N3 (300 mg, 0.051 mmol), copper bromide (0.155 mmol),
PMDETA (0.155 mmol), alkyne functional PMMA (0.155 mmol) and THF (3 mL)
were added. The tube was capped with a septum and purged with nitrogen. The
mixture was stirred overnight at room temperature. The product was precipitated in
methanol, filtered and dried under vacuum.
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4. RESULTS AND DISSCUSSION
Synthetic strategy applied in this study is based on the hydrogen abstraction reactions
of excited Type II photoinitiators from alcohols. In the process, CQ was used as the
Type II photoinitiator due to its strong absorption in the visible range which does
interfere with that of the components and formed gel. This way, any possible
photodegradation of the formed gel by prolonged irradiation time is eliminated.
Photoinitiated polymerization of poly(ethylene glycol)methylether metharylate
(PEGMA) in the presence of poly(ethylene glycol) diacrylate (PEGDA as crosslinker in DMF at visible range using CQ and propargyl alcohol as photoinitiator and
co-initiator, respectively was performed. Since radicals stemming from the hydrogen
abstraction from propargyl alcohol by photoexcited CQ are responsible for the
initiation, the gels thus formed are expected to possess acetylenic groups in the
structure (Figure 4.1).

Figure 4.1 : Synthesis of clickable PEG crosslinked hydrogels by photoinitiated free
radical polymerization and their functionalization. ……….
In the process, the reactivity of the initiating and propagating radicals towards
acetylenic group of the co-initiator should be considered. Although the rate constants
for these particular radicals are not known, it is expected that they react
predominantly with the acrylate and methacrylate groups. In a related study from the
authors’ laboratory, it was found that the rate constants for the reaction of

31

photochemically generated phosphonyl radicals with triple bonds is two orders of
magnitude lower than that of double bonds.[145] Another important issue that needs
to be considered is the possibility of hydrogen abstraction of the excited CQ from
polyether segments of the monomer and cross-linker. It is known that Type II
photoinitiators are known to undergo hydrogen abstraction with ethers such as
poly(ethylene oxide)[146] to form initiating radicals. Although not presented here,
such reaction would only increase the cross-linked density of the gels formed and not
impede acetylene functionality. Incorporation of acetylenic groups into hydrogels
was confirmed by FT-IR spectral analysis. As can be seen from Figure 4.2.a, the
stretching band of alkyne groups appear at 2150 cm-1.

Figure 4.2 : a) FT-IR spectra of the acetylene functional hydrogel b) 2-azidomethyl
pyrene and c) functionalized hydrogel via “click” reaction.
For convenience, 2-azidomethyl pyrene (Py-N3) was selected as the antagonist click
component so as to have efficient characterization of cross-linked material because
of its attractive fluorescent properties. For this purpose, 1-pyrenemethanol was
converted to Py-N3 by tosylation and subsequent azidation process according to the
following reaction (Figure 4.3) as described previously. The post-functionalization of
the hydrogel obtained by photopolymerization efficiently proceeded at room
temperature with Py-N3 in the presence of CuBr and PMDETA.
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Figure 4.3 : Azidation of 1-pyrenemethanol
The success of the click reaction was confirmed by spectral analysis. As can be seen
from the FT-IR spectrum of the click product (Figure 4.2.c) both the azide and
alkyne peaks at around 2100 cm-1 and 2150 cm-1, respectively disappeared
completely. Thus, the applied click reaction was efficient and quantitative for the
conversion of alkyne and azides to triazoles. The incorporation of the pyrene group
was further supported by ﬂuorescence measurements. As can be seen from Figure 4.4
the fluorescence emission spectra of the hydrogel before and after the click reaction
are quite different. The unmodified hydrogel exhibits almost no emission. In
complete contrast, the ﬂuorescence emission spectra of the clicked gel displays
structured broad excited state and excimer emissions in the range of 400- 600 nm
with a maximum at 500 nm.

Figure 4.4 : Flourescence spectra of PEG hydrogels a) before and b) after “click”
reaction with Py-N3 in water. …………………………..
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This behavior is expected since alkyne groups (consequently pyrene groups) are
incorporated into the gel randomly during the photochemical process. While isolated
pyrene chromophores contribute to the excited state emission, the strong interactions
of the excited pyrene moieties with those in their ground states in the close proximity
cause excimer emission around 480 nm. Similar fluorescence behavior resulting from
the restraints imposed by the polymeric structures with different topologies was
previously shown.[147-149]
The ﬂuorescence property of the clicked hydrogel was also confirmed by a visual
observation of the emission recorded with irradiation from a UV lamp at 366 nm
(Figure 4.5).

Figure 4.5 : Photographs of clickable PEG hydrogels before (a) and after (b) click
reaction with 2-azidomethyl pyrene under irraditon with a 366-nm UV
lamp. …………………………………………………….
In order to demonstrate the versatility and efficiency of the described photochemical
method in synthetic polymer chemistry, we have performed experiments in block
copolymer formation. Thus, a block copolymer formation was attempted between
acetylene end-functionalized poly(methyl methacrylate) (PMMA-Ac) and azide endfunctionalized polystyrene (PS-N3). PMMA-Ac was prepared Type II photoinitiation
in a manner similar to that described for hydrogels except that the co-initiator,
propargyl alcohol was protected. This was necessitated in order to obtain polymers
with high alkyne functionality. Any reaction of the initiating and propagating
radicals with the alkyne groups would lead to the formation of polymers without
click functionality. Thus, polymerization of MMA using CQ and 3-trimethylsilyl-2propyn-1-ol as photoinitiator and co-initiator, respectively resulted in the formation
of polymers with protected acetylene groups. The obtained polymer was
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subsequently deprotected by treatment with TBAF in THF using the established
procedure to yield PMMA-Ac (Figure 4.6).

Figure 4.6 : Photoinduced synthesis of protected PMMA and its deprotection
The 1H-NMR analysis of the products before and after deprotection clearly confirms
successful obtainment of PMMA-Ac (Figure 4.7). The antagonist click polymer click
component, namely PS-N3 was prepared by the usual ATRP followed by azidation
processes.

Figure 4.7 : 1H NMR spectra of protected and deprotected PMMA.
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The “click” reaction between PMMA-Ac and PS-N3 was performed under similar
experimental conditions as with the hydrogel (Figure 4.8). The formation of block
copolymer was evidenced by spectral and GPC analyses (Figure 4.10). The 1H NMR
spectrum of block copolymer obtained by “click” reaction indicated characteristic
peaks of both precursors (Figure 4.8).

Figure 4.8 : 1H NMR spectra of PS-b-PMMA

Figure 4.9 : “Click” reaction between PS and PMMA
In Figure 4.10, the GPC traces of the “click” precursor polymers as well as of the
resulting block copolymer were shown. It should be pointed out that the PMMA-Ac
has a relatively broader molecular weight distribution due to the nature of the
photopolymerization process. During the photolysis, polymers with different chains
lengths are formed. In the chromatogram of the block copolymer, however, a clear
shift toward higher molecular weight region was observed. Notably, the peaks
corresponding to the precursor polymers disappeared completely. The molecular
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weight characteristics of the initial polymers and the resulting block copolymer
collected in Table 4.1 also confirm the successful click process.
Table 4.1 : Molecular weight characteristics of PS-N3, PMMA and PS-b-PMMA
Polymers
PS-N3
PMMA-Ac
PS-b-PMMA

Mn (gmol-1)
8800
17 200
27 300

Mn/Mw
1.38
1.65
1.84

Figure 4.10 : GPC traces of PS-N3, PMMA-Ac and PS-b-PMMA.
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5.

CONCLUSION

In conclusion, a mild and highly versatile photochemical method for the preparation
of clickable macromolecular structures, i.e., hydrogels and linear polymers via
hydrogen abstraction type photoinitiation using aromatic carbonyl compounds such
as CQ in conjunction with functional co-initiators has been developed. The
subsequent model click reactions for functionalization of hydrogels and block
copolymer formation clearly confirms the success of the protocol which may easily
be implemented in the biological and material sciences.
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