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ABSTRACT

NOVEL IRGACURE 2959-BASED SALTS AS PHOTOINITIATORS
FOR LOW MIGRATION PRODUCTS

The aim of this thesis is to improve the “green” aspects of photopolymerization
processes. So novel photoinitiators with high reactivity, low migration, water solubility and
biocompatibility were designed, synthesized and evaluated. In the first part of this work, a
new cyclopolymerizable, doubly 12959 functionalized allyl-acrylate quaternary ammonium
salt (2x12959-QS) and its copolymer with diallyldimethylammonium chloride (DADMAC)
were synthesized and their characterizations were done. Also, their photochemical
properties, migration stabilities and photopolymerization behaviours were examined. The
water soluble polymer, p-DADMAC-c0-2x12959-QS has five-membered pyrrolidine rings
in the backbone and showed excellent thermal stability. These photoinitiators (PIs) have
similar Amax (271 and 272 nm in ethanol) to 12959, the ¢ value of 2x12959-QS is twice that
of 12959. The photochemical mechanisms studied by electron spin resonance (ESR) and
photolysis indicated formation of isopropyl ketyl radicals. Photopolymerization of 2-
hydroxyethylmethacrylate (HEMA) initiated by both Pls shows higher efficiency than via
12959. The synthesized photoinitiators showed higher migration stability compared to 12959
as reference. In the second part of this work, a new facile route to prepare highly water-
soluble and migration stable photoinitiator was reported. A doubly Irgacure 2959 (12959)
functionalized meso-2,3-dimercaptosuccinic acid (DMSA) salt (DMSA-12959-DBU) with
1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) counterion was synthesized in one-pot thiol-
Michael addition reaction. It has excellent water solubility. DMSA-12959-DBU has similar
Amax (272 nm in ethanol) but slightly lower ¢ value (~11000) compared to 12959. Its
decomposition mechanism was investigated by steady state photolysis. It showed reasonable

photoinitiating reactivity towards (meth)acrylic double bonds.
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OZET

DUSUK MiGRASYON OZELLIKLi URUNLER iCiN 12959 TABANLI
YENI FOTOBASLATICI TUZLARI

Bu tezin amaci fotopolimerizasyon siirecinin "yesil" 6zelliklerini iyilestirmektir. Bu
amacla, yiiksek reaktiflik, diisiik s1izma, suda ¢6ziiniirlik ve biyouyumluluk 6zellikli yeni
fotobaslaticilar tasarlandi, sentezlendi ve degerlendirildi. Bu ¢alismanin ilk boluminde, yeni
bir siklopolimerize edilebilir, ¢ift 12959 ile fonksiyonlandirilmig alil-akrilat kuaterner
amonyum tuzu (2x12959-QS) ve bunun dialildimetilamonyum klorir (DADMAC) ile
kopolimeri sentezlendi ve karakterizasyonlar1 yapildi. Ayrica fotokimyasal ozellikleri,
migrasyon kararliliklar1 ve fotopolimerizasyon davranislari incelendi. Suda ¢dzlinen polimer
(p-DADMAC-c0-2x12959-QS), ana zincirinde bes iyeli pirolidin halkalarina sahiptir ve
termal kararliligi ¢ok yiiksektir. Bu fotobaslaticilar 12959'a benzer Amax degerine (etanolde
271 ve 272 nm) sahip ve 2x12959-QS'nin absorpsiyon katsayist degeri () 12959'un iki
katidir. Elektron spin rezonansi (ESR) ve kararli durum fotolizi ile incelenen fotokimyasal
mekanizmalar, izopropil ketil radikallerinin olusumunu gostermektedir. Her ki
fotobaslaticinin, 2-hidroksietilmetakrilatin  (HEMA) fotopolimerizasyonunu baglatma
verimliligi, 12959'unkinden daha yiiksektir. Ayrica, sentezlenen fotobaslaticilar, referans
12959'a kiyasla daha yiiksek migrasyon stabilitesi gdstermektedir. Bu calismanin ikinci
boliimiinde, suda yiiksek oranda ¢6ziiniir ve migrasyon kararli fotobaslatict hazirlamak igin
yeni kolay bir yol rapor edildi. 1,8-diazabisiklo[5.4.0]Jundek-7-en (DBU) kars1 iyonlu ¢ift
Irgacure 2959 (12959) ile fonksiyonlandirilmig mezo-2,3-dimerkaptosuksinik asit (DMSA)
tuzu (DMSA-12959-DBU) tek adimli tiol-Michael katilma reaksiyonu ile sentezlendi. Bu
fotobaglaticinin suda ¢oziintirliigii 12959'dan ¢ok daha iyidir. DMSA-12959-DBU, 12959 ile
karsilastirildiginda benzer Amax (etanolde 272 nm) degerine, ancak biraz daha diisiik €
degerine (~11000) sahiptir. Bu fotobaglaticinin ayrisma mekanizmasi, fotoliz ile arastirildi;

(met)akrilik ¢ift baglara kars1 makul bir fotobaslatici reaktivite gosterdigi bulundu.
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1. INTRODUCTION

Light-induced polymerization has attracted great interest in recent years. This is
because it has some fundamental advantages over traditional thermal polymerization. Light-
induced polymerization has fast polymerization rates, it can operate at low temperature with
low energy consumption, and also it can operate without solvent (no volatile organic
compounds emission) [1]. Thanks to these advantages of photopolymerization, it has seen
extensive use in numerous applications such as coatings, varnishes, paints, adhesives,
graphic arts, stereolithography, 3D printing, microelectronics and dental restoration [2,3]. In
addition to these areas, photopolymerization technique can be used in also biochemistry such

as drug delivery [4,5] and tissue engineering [6-9].

Photopolymerization is a polymerization process which is initiated by light [10]
(Figure 1.1). For photopolymerization reaction; a polymerizable monomer/oligomer, a
photoinitiating system and a light source are required. A photoinitiating system consists of
a photoinitiator and/or a photosensitizer and it induces polymerization by absorption of light.
Photopolymerization reactions can be categorized as free radical photopolymerization and

cationic photopolymerization according to the polymerization mechanism [2,11].

———

Figure 1.1. Photopolymerization reaction process. Permission from [12] John Wiley and
Sons, Copyright (2008).



1.1. Free Radical Photopolymerization

Free radical polymerization is more extensively used compared to cationic
photopolymerization. Although it has two problems which are oxygen inhibition and volume
shrinkage, free radical polymerization technique is still preferred due to its advantages. It
provides usage of wide variety of monomers, oligomers and possible photoinitiating systems
[2,3,13]. Free radical photopolymerization reactions involve photoinitiation, propagation,

termination and chain transfer steps as shown in Figure 1.2 [12].

Initiation

1 — > 2R’
R+ M — M
Propagation
M, t M —> M,
Termination

Mn'Mm

e (Combination)
T MyeH) + M, CH)

(Disproportionation)

Mll. + Mm

Figure 1.2. Chemical reaction steps of photopolymerization. Permission from [14]

American Chemical Society, Copyright (2015).

In the first step, which is photoinitiation, the photoinitiator system becomes excited
by absorbing light, goes to a higher electronic state; and produces radicals. In the presence
of a photosensitizer, the photosensitizer molecule is excited by absorption of light and
transfers energy to the photoinitiator molecule. The excitation of the photoinitator molecule
generates a radical (Figure 1.3.) [3,10]. These radicals react with carbon-carbon double

bonds of monomers, initiating polymer formation [12].

PI—> PI* (hvy) — radicals R’

PS— PS* (hv) —> PI*—> R’

Figure 1.3. Formation of radical from photoinitiator and photosensitizer molecules. [3]

published under an open access.



The rate of initiation, Ri, within the polymerizing film is expressed as

Ri=2f ¢ e[l]lo (1.1)
where lois light intensity, [1] is initiator concentration, ¢ is initiator molar absorptivity, f is
efficiency of initiator and ¢ is initiator quantum yield. The values of lo and [I ] may depend
on the position within the film. The second step in free radical photopolymerization is
propagation. In this step, the first chain radical (M) reacts with carbon-carbon double bond
of another monomer to give longer polymer chain which has radical end. The rate of
propagation, Rp, is given by

Rp = kp[M][Mn] (1.2)
where kp is propagation rate constant, [M] is the double bond concentration and [Mn] is total
propagating radical concentration. Although there are arguments for dependence of degrees
of polymerization to polymer chain length; the propagation rate constant kp is generally
assumed to be the same for all propagation steps. By the chain transfer reaction, a chain

radical is terminated meanwhile a new chain is initiated at the same time [10,12].

The last step is termination. Chains are propagated until termination occurs.
Termination takes place when the growing chain radicals react with each other, producing
an inactive polymer molecule. Also, disproportion may occur in the termination step, one
radical chain may act as a hydrogen donor and the other as a hydrogen acceptor, forming
two inactive polymer chains. This hydrogen transfer causes olefinic bond formation on
radical chain which act as hydrogen donor. The rate of termination, Ry, is expressed by the
assumption of chain-length independence, no effects of the polymer heterogeneity and no
radical trapping as

Rt= 2k{Mn]? (1.3)
where k: is the termination rate constant [12,15].

Overall, the rate of polymerization, Rp, is written as
Rp = kp [M](Ri/2k:)Y? (1.4)
where Kp is propagation rate constant, [M] is the double bond concentration, Ri is the initiaton

rate and ki is the termination rate constant [12].

One of the main problems of free radical photopolymerization is oxygen inhibition.

Peroxyl radicals are formed as a result of reactions between oxygen and initiator, primary or



growing polymer radicals (Figure 1.4). Because of high stability of peroxyl radicals, they
are completely unreactive towards propagation which means that they quench the
polymerization process. Therefore, only when oxygen is consumed, polymerization can start
properly [12,16]. By using high-intensity lamps, high cure dosage, inert atmosphere and

additives such as amine and thiols, the effect of oxygen inhibition can be reduced [11].

hv 0, .
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Figure 1.4. Oxygen inhibition on free radical photopolymerization. Permission from [11]
American Chemical Society, Copyright (2010).

1.2. Free Radical Photoinitiators

In the photopolymerization process, one of the most crucial elements is the
photoinitiator. The efficiency of the photopolymerization reaction and the final
characteristics of the product can vary depending on the photoinitiator used. Photoinitiators
also have influence on cure speed, yellowing and cost of photopolymerization process. They
should be commercially available or easily synthesized, soluble in the monomer to be
polymerized and stable for a long time. Also, they should have low odor, nonyellowing and
low migration property so that they can be used in coatings industry. Of course, for
successful photopolymerization, the light absorption properties of photoinitiators and

emission wavelength of the light source should be in accordance with each other [11,17].

As shown in Jablonski diagram (Figure 1.5), a photon is absorbed by the molecule in

the ground state and the molecule is excited to singlet state which has higher energy. The



singlet excited state may lose energy by emitting light (fluorescence, S1—So) or it may lose
energy by heat (internal conversion (S—S) or intersystem crossing (S—T)). The triplet
excited state may lose energy by light (phosphorescence (T1—So) and it may lose energy by
heat (internal conversion (T—T)) [18,19].

Excited vibrational states
(Excited rotational states not shown)

S, / A- Photon Absorption
F- Fluorescence
P- Phosporescence
Sz IC T- Triplet state
= IC- Internal conversion
? 5 L ISC- Intersystem crossing
&
ISC

T

So

Electronic group state

Figure 1.5. Jablonski diagram where So is the ground singlet state, Si1, Sz and Sn are the
excited singlet states and T1 and T2 are the excited triplet states. [20] published under an

open access.

There are three possibilities for the photoinitiator molecule, excited by absorbing a
photon. It may emit light and/or heat. It may react with another substance to create a radical
or it may break down itself into radicals [10]. Photoinitiators are categorized into two as
Type | photoinitiator and Type Il photoinitiator according to the mechanism of free radical

formation [21].

1.2.1. Type | Photoinitiators

Via a Norrish | photoreaction (Type 1), homolytic cleavage of photoinitiator molecule
happens to create two radicals which are both capable of reacting toward double bonds
(Figure 1.6). Benzoin ether derivatives, benzylketals, a-aminoketones, hydroxylalkyl

phenones and acylphosphine oxides are used as Type | photoinitiators (Figure 1.7). Most of



the Type | photoinitiators are used only under UV irradiation because most of them are only
reactive under UV light whereas there are only a few Type | photoinitiators which can be

reactive in the blue or green region [13].
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Figure 1.6. Photocleavage reaction from triplet state of Type | photoinitiators. Permission
from [13] John Wiley and Sons, Copyright (2013).
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Figure 1.7. Examples of commercially available Type I photoinitiators. Permission from
[13] John Wiley and Sons, Copyright (2013).

1.2.2. Type Il Photoinitiators

For the formation of initiating radical from Type Il photoinitiators, there should be a
coinitiator. Triplet state of photoinitiator reacts with coinitiator to create initiating radical
(Figure 1.8). Usually the coinitiator is a hydrogen donor which can be amine, ether, sulfide
or thiol. After photoreaction, two radicals are formed. One is created from the hydrogen

donor and this radical initiates the photopolymerization process. The other one is a ketyl



radical which is formed from the carbonyl compound and this radical is relatively stable
because of steric hindrance and delocalized unpaired electron. Due to this stability, ketyl

radicals are not reactive toward double bonds [11,13].

] OH

(ketyl radical)

|

side products

Figure 1.8. Type Il photoinitiation mechanism with benzophenone and hydrogen donors.

Permission from [11] American Chemical Society, Copyright (2010).

Benzophenone, thioxanthone, camphorquinone and benzyl derivatives are the example
of Type Il photoinitiators (Figure 1.9) which are active in the UV-blue region whereas
coumarins, xanthenic dyes, cyanine dyes, thiazine dyes and pyrromethene dyes are used as
Type Il photoinitiators which are active in visible light [13].

(0] (0) (0] |
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Benzophenones Thioxanthones Methylphenylglyoxylate Camphorquinone

Figure 1.9. Examples of commercially available Type Il photoinitiators. Permission from
[13] John Wiley and Sons, Copyright (2013).

1.3. Monomeric and Polymeric Photoinitiators

In the photopolymerization process, the higher reactive radicals which are formed by
Type | or Type Il photoinitiators initiate polymerization. Radicals from initiators can become

incorporated into the polymer chains, while residual photoinitiators, the products of their



photodissociation, and/or coinitiators might have the potential to leach out. Also, further
rearrangement, combination, oxidation and decomposition of these unreacted molecules
may happen as shown in Figure 1.10. Unreacted radicals and their derivatives may show
different physical and chemical properties which harm the environment and/or products.
These small molecules may be colored or odorous and have tendency to migrate out of the
polymer networks. If they are colored, they may cause yellowing of the material. They may

cause odor due to migration of them in the polymer networks [17,21].
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Figure 1.10. Examples of further rearrangements of photoinitiators. Permission from [21]
Elsevier, Copyright (2019).

To eliminate these problems, monomeric or polymeric photoinitiators can be used.
Monomeric photoinitiators are polymerizable, hence can form covalent bond with the
product; polymeric photoititiators are large molecules which cannot diffuse appreciably.
According to molecular structure, polymeric photoinitiators can be classified into three
categories which are linear polymeric photoinitiators (LPPI), hyperbranched and cross-
linked polymeric photoinitiators (HCPPI) and multifunctional photoinitiators (Figure 1.11)
[17,21].
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Figure 1.11. Structures of polymeric photoinitiators. Permission from [21] Elsevier,
Copyright (2019).

There are many examples for monomeric and polymeric photoinitiators containing a-
hydroxy ketones [22-25], acyl phosphine oxides [26,27], benzophenone [28-32] and
thioxanthone [33-37] in literature. For example, two polymeric photoinitiators were
synthesized, PEI-12959-Ts and PEI-12959, by functionalization of branched
poly(ethyleneimine) with Irgacure 2959 (Figure 1.12). Branched poly(ethyleneimine) is a
water soluble cationic polymer and it can undergo numerous substitution reactions with
Irgacure 2959 which is an electrophile due to presence of primary, secondary and tertiary
amines in its structure. The synthesized polymeric photoinitiators have superior water
solubility compared to Irgacure 2959 due to existence of branched poly(ethyleneimine) in
their structures. PEI-12959-Ts shows higher migration stability than Irgacure 2959. This is
because PEI-12959-Ts has higher molecular weight, branched core and it can incorporate

into the polymer network [38].
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Figure 1.12. Syntheses scheme of polymeric photoinitiators [38].

Another example from the literature is two different polymeric photoinitiators, with
two thioxanthone initiating groups at the two ends (Figure 1.13). They found that the higher
molecular weight one has higher migration stability, high enough to be used in food
packaging applications [39].

Figure 1.13. Structure of a polymeric photoinitiator. Permission from [39] Springer Nature,
Copyright (2019).

In the literature, two monomeric photoinitiators (PI-1 and PI-2) and their polymeric
photoinitiators (PPI-1 and PPI-2) based on the photosensitive benzophenone group were
synthesized (Figure 1.14). Polymeric ones have higher maximum rate of polymerization

(Rpmax) than monomeric ones [28].
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Figure 1.14. Structure of monomeric and polymeric photoinitiators. Permission from [28]
Elsevier, Copyright (2015).

Polymeric photoinitiators (TX-PPO_4 and TX-PPO_5K) were synthesized based on
thioxanthone with two different molecular weights (Figure 1.15) in the literature, and found
that solubility of the polymeric photoinitiators improve with higher molecular weight of
amine functional poly(propylene oxide) used in synthesis. These initiators are considered to
be one-component polymeric photoinitiators because thioxanthone molecules are covalently
bonded to poly(propylene oxide) backbone and this gives opportunity to create radicals even
without addition of a coinitiator. Also, low migration behavior was obtained for these

polymeric photoinitiators [40].
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Figure 1.15. Structure of polymeric photoinitiators. Permission from [40] Elsevier,
Copyright (2017).
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1.4. Water-Soluble Photoinitiators

Water-based photocuring systems are important for “greener” photopolymerization
because water is a non-toxic and cheap solvent which avoids many problems of organic
solvents. These systems have found applications in many fields such as dental materials,
biological and medical applications, and fabrication of 3D scaffolds for tissue engineering.
For biomedical applications in particular, total or partial water solubility is necessary. Also,
it was reported that the oxygen concentration in aqueous systems is lower than in organic
systems, which serves to decrease oxygen’s negative effect on free radical
photopolymerization [38,41]. However, the number of water soluble photoinitiators which
are reported in literature is low and only few of them are commercially available [42]. The
most commonly used commercially available water soluble Type | photoinitator is Irgacure
2959 due to its high reactivity, biocompatibility and water solubility. However, its solubility
in water is limited [38]. For improvement in water solubility of photoinitiators, hydrophilic
ionic groups such as lithium salts [43], carboxylic acids [44], quaternary ammonium salts
[45] and sulfonates [46] or hydrophilic non-ionic groups [47] are affixed onto the
photoinitiator molecules (Figure 1.16) [48].

In the literature, two different water-soluble Type | diphenylphosphine oxide
photoinitiators (MAPO-2 and MAPO-3) from water-insoluble photoinitiator (MAPO-1)
were synthesized (Figure 1.16). These photoinitiators are not cytotoxic and they have good
storage stability [42]. From the literature, another example is modified thioxanthone with
highly polar bisphosphonate group to make it water soluble. Water solubility of this
photoinitiator is very high compared to the commercially available photoinitiator
(Irgacure2959) [49]. Also, there are water soluble macro-photoinitiators based on Irgacure
2959 in the literature. They were synthesized by the esterification of linear poly(styrene-alt-
maleic anhydride) with Irgacure 2959 and they show great water solubility and unique

photoinitiating efficiency [50].
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Figure 1.16. Structures of a water-insoluble photoinitiator (MAPO-1) and its water-soluble
derivatives (MAPO-2 and MAPO-3) and other water soluble photoinitiators. Permission
from [42] John Wiley and Sons, Copyright (2021), [43] Elsevier, Copyright (2009), [44]
Elsevier, Copyright (2018), [46] Elsevier, Copyright (2009) and [47] Elsevier, Copyright

(2015).

1.5. Cyclopolymerization

Through cyclopolymerization process, polymers are made efficiently and at the same
time cyclic units are formed in the polymer backbone as shown in Figure 1.17. Within this
scope, polymer rigidity, packing and solubility can be controlled by using
cyclopolymerization process [51]. From non-conjugated diene monomers, polymer
backbone with cyclic units is formed by radical cyclopolymerization. An intramolecular
radical cyclization is followed Dby an intermolecular polymerization during
copolymerization, which induces polymer backbone with cyclic units during the propagation
[52].
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Figure 1.17. Mechanism of cycle-formation of an unspecific unsubstituted diene during

cyclopolymerization. Permission from [52] John Wiley and Sons, Copyright (2021).

Cyclopolymers have advantages over noncyclic linear analogues. Cyclopolymers
possess high glass transition temperatures, good thermal stabilities, and reduced shrinkage
stress throughout polymerization process [17]. Cyclopolymerization process can be used in
various areas such as dental industry and 3D-printing because it provides good mechanical

properties to materials [52].

Monomers used in cyclopolymerization process are generally non-conjugated dienes.
Low shrinkage stress is one of the most important benefits of these cyclopolymerizable
monomers. During polymerization process, the distance between monomers is reduced as
illustrated in Figure 1.18, compared with distance of monomers which are not polymerized.
This phenomenon causes volumetric shrinkage. However, formation of cyclic units in the

polymer backbone can reduce this volumetric shrinkage [52].
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Figure 1.18. Schematic representation of volumetric shrinkage during polymerization.
Permission from [52] John Wiley and Sons, Copyright (2021).
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1.5.1. Cyclopolymerizable and Cyclopolymeric Photoinitiators

There are only few cyclopolymerizable photoinitiators and there is only one
cyclopolymeric photoinitiator in literature. One is modified thioxanthone with 1,6-
heptadiene structure as shown in Figure 1.19. During polymerization, the 1,6-heptadiene
structure can facilitate the creation of cyclopolymers or crosslinked formations, depending
on the concentration and/or temperature factors. Photoinitiating efficiency of this
monomeric photoinitiator shows similarity with thioxanthone, however its migration

stability is much better than thioxanthone [17].

TXdMA

Figure 1.19. Structure of cyclopolymerizable photoinitiator. Permission from [17] Elsevier,
Copyright (2019).

Other examples are three different cyclopolymerizable photoinitiators (DABPO-1,
DABPO-2 and DABPO-3) shown in Figure 1.20, based on the commercial photoinitiator
2,4,6-trimethyl(phenyl)diphenyl oxide (TPO). These photoinitiators have diallyl amino
groups in their structures, which allow cyclopolymerization. They show low migration
behaviors compared to TPO due to their higher molecular weights and they have C=C double
bonds in their structures which allow connection between polymer and photoinitiators [53].
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Figure 1.20. Structure of cyclopolymerizable photoinitiators. Permission from [53]
Elsevier, Copyright (2022).

Also, two cyclopolymerizable (DAA-12959 and DAA-1184) and one cyclopolymeric
(p-DADMAC-c0o-DAA-12959-QS) photoinitiators based on Irgacure 2959 and 1-
hydroxycyclohexyl phenyl ketone (Irgacure 184) were synthesized (Figure 1.21). DAA-
12959 copolymerized with diallyldimethylammonium chloride (DADMAC) to increase
water solubility and cyclization efficiency of the polymeric photoinitiator. DAA-12959
shows better migration stability compared to Irgacure2959 due to its fusion into polymer
network. However, p-DADMAC-co-DAA-12959-QS shows better migration stability
compared to DAA-12959 due to its macromolecular nature and incorporation into polymer
network [54].
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Figure 1.21. Structure of cyclopolymerizable and cyclopolymeric photoinitiators [54].
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2. OBJECTIVES

The goal of this study is to design and synthesize novel photoinitiators with high
reactivity and “greener” properties: water solubility, biocompatibility and low migration.
For this purpose, a doubly 12959 functionalized cyclopolymerizable allyl-acrylate
quaternary ammonium salt, its water soluble cyclic copolymer with DADMAC and a doubly
12959 functionalized water soluble DMSA salt with DBU counterion are synthesized and
characterized. High migration stability is expected qualification due to the polymerizable,
polymeric, and macromolecular structures of the synthesized photoinitiators. Their

photophysical and photochemical properties were investigated.
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3. CYCLOPOLYMERIZABLE AND CYCLOPOLYMERIC
PHOTOINITIATORS FROM tert-BUTYL a-
HYDROXYMETHACRYLATE

This chapter is published as: Kariksiz N., B. Balaban, T. Gencoglu, F. Morlet-Savary,
J. Lalevee, D. Avci, “A Cyclopolymerizable, Doubly Irgacure 2959 Functionalized
Quaternary Ammonium Salt Photoinitiator and Its Water-Soluble Copolymer with
Diallyldimethylammonium Chloride”, Polymer Chemistry, Vol. 14, No. 11, pp. 1195-1205,
2023,

3.1. Introduction

This chapter describes synthesis, characterization, photochemical and migration
stability and photopolymerizations of a novel doubly 12959 and quaternary ammonium
functionalized, cyclopolymerizable photoinitiator (2x12959-QS) and its cyclic copolymer
(p-DADMAC-c0-2x12959-QS) with DADMAC (Figure 3.1). 1,6-heptadiene structure of
the monomeric Pl makes it polymerizable to give either or both of cyclopolymers or
crosslinked polymers during photopolymerization, hence it possesses the advantages coming
with being polymerizable. Its thermal copolymerization with DADMAC enables excellent
cyclization performance [55, 56] to provide polymeric Pls (PPIs) with good thermal stability
and water solubility, thus to overcome the limited solubility of commercial 12959. The
reactivity of the new Pls was examined under UV light exposure during the
photopolymerization of HEMA and poly(ethylene glycol) diacrylate (PEGDA, Mn =575 D)
using differential scanning photocalorimetry. The solubility, thermal stability, UV-visible

absorption properties and migration stability were investigated.
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Figure 3.1. Structures of the novel monomeric (2x12959-QS) and polymeric
(p-DADMAC-c0-2x12959-QS) photoinitiator.

3.2. Experimental

3.2.1. Materials and Characterization

tert-Butyl a-bromomethacrylate (TBBr) was synthesized according to literature
procedures [57,58].

Irgacure 2959 (12959), allylamine, acryloyl chloride, p-toluenesulfonyl chloride (tosyl
chloride, TsCl), sodium hydroxide, anhydrous sodium sulfate (Na2SQOa4), 2-hydroxyethyl
methacrylate (HEMA), poly(ethylene glycol) diacrylate (PEGDA, Mn = 575 D),
diallyldimethyl ammoniumchloride (DADMAC, 65 wt % aqueous solution) and the
additional reagents and solvents were purchased from Sigma-Aldrich or Alfa Aesar and used
as received without further purification. 2,2’-Azobis(2-methylpropionamidine)
dihydrochloride (V-50) is a product of Polysciences. Dichloromethane (DCM) was dried

over molecular sieves.

'H and *C-NMR spectra were recorded on Varian Gemini (400 MHz) spectrometer in
solvents as indicated. IR spectra were obtained by using a Nicolet 6700 FT-IR

spectrophotometer. TGA analysis was performed on a TGA instrument (Mettler Toledo)
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under nitrogen atmosphere at a heating rate of 10 °C mint (25 to 600 °C). The molecular
weights of the polymers were analyzed by GPC/SEC System (Agilent 1260 Infinity I1) with
a PL1120-6830 column using a refractive index detector. Fluorescence characteristics of the
Pls were investigated in CH3CN:H20 (3:7 v/v) with a JASCO FP-6200 spectrofluorometer.

3.2.2. Synthesis of Starting Materials
3.2.2.1. Synthesis of 12959-AC. 2-hydroxy-4’-(2-hydroxyethoxy)-2-methylpropiophenone

(12959) (1.0 g, 4.46 mmol), EtsN (1.85 ml, 13.27 mmol) and dry CH2Cl2 (5 mL) were added
into a three-necked round-bottom flask equipped with a condenser . The mixture was stirred

in an ice bath under nitrogen gas. Under cooling, acryloyl chloride (0.425 ml, 5.26 mmol)
and dry CH2Cl2 (2.5 mL) mixture was added dropwise into the flask and the mixture was
stirred at room temperature for 2 hours. After 2 hours the crude product was extracted three
times with saturated NaHCOs (5 mL), saturated NaCl (brine) (5 mL) and distilled water (5
mL), respectively. The organic layer was dried over Na2SOa4. The solvent was removed by
rotary evaporation. The residue was purified by column chromatography (hexane:ethyl
acetate, 4:1). 12959-AC was obtained as a white solid in 13% yield [59].

IH-NMR (CDCls, 400 MHz, 5): 1.61 (s, 6H, CH3), 4.27 (m, 2H, CH2-O-Ar), 4.52 (m,
2H, CH2-0-C=0), 5.84 (d, 1H, CHz=), 6.13 (m, 1H, CH=), 6.43 (d, 1H, CH2=), 6.95 (d, 2H,
Ar-CH), 8.03 (d, 2H, Ar-CH).

FTIR (ATR): 3419 (O-H), 2995, 2962, 2935 (C-H), 1721 (C=O0, ester), 1643 (C=0,
ketone), 1599 (C=C), 1167,1251 (C-O) cm'™.

3.2.2.2. Synthesis of 12959-Ts. A mixture of 12959 (0.8 g, 3.57 mmol), KOH (0.66 g, 11.76
mmol) and 4-toluenesulfonyl chloride (0.57 g, 2.99 mmol) in CH2Cl2 (9 mL) was stirred at

room temperature for 2 hours under nitrogen gas. After 2 hours, the reaction mixture was
washed three times with distilled water (5 mL). The organic layer was dried over Na2SOa4
and the solvent was removed by rotary evaporation. The residue was purified by column
chromatography (methylene chloride:ethyl acetate, 20:1). 12959-Ts was obtained as a white
solid [60].
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IH-NMR (CDCls, 400 MHz, 8): 1.60 (s, 6H, CH3-C-OH), 2.43 (s, 3H, CHs-Ar), 4.19
(m, 2H, CH-0-S05), 4.37 (M, 2H, CH2-0-Ar), 6.80 (d, 2H, Ar-CH-C-0), 7.32 (d, 2H, Ar-
CH-C-CHs3), 7.80 (d, 2H, Ar-CH-C-S03), 7.99 (d, 2H, Ar-CH-C-C=0).

FTIR (ATR): 3558 (O-H), 2970 (C-H), 1660 (C=0, ketone), 1604, 1443 (C=C), 1354
(S=0), 1258 (C-0) cm..

3.2.2.3. Synthesis of 12959-AA. 12959-AA was synthesized according to a modified
procedure described in the literature [61]. A mixture of 12959-Ts (0.2004 g, 0.5295 mmol),
allylamine (0.4480 g, 4.6110 mmol), 0.5 mL ethanol and 0.1 mL water was stirred at 80 °C
for 3 hours. Then, the temperature was decreased to 40 °C, 30 wt % NaOH solution (0.8 mL)

was added and the mixture was stirred for 3 h. The aqueous phase was extracted with
dichloromethane (DCM) (5x5 mL). The organic phases were combined and extracted with
water (5x5 mL). Organic phase was stirred with 5 mL 2M HCI for 30 minutes. Organic and
aqueous phases were separated and organic phase was extracted with 2M HCI (5x5 mL). To
the aqueous phase 2 M NaOH was added until the pH was reached to 11 and was extracted
with DCM for several times. The extracts were washed with water (5x5 mL), dried over
anhydrous sodium sulfate and the solvent was taken away under reduced pressure. The

product was obtained as a white solid in 52% yield.

'H-NMR (MeOD, 400 MHz, 8): 1.44 (s, 6H, CHz), 2.93 (m, 2H, CH2-N), 3.25 (d, 2H,
CH2-N), 4.10 (m, 2H, CH2-0), 5.13 (m, 2H, CH2=), 5.86 (m, 1H, CH=), 6.94 (d, 2H, Ar-
CH), 8.15 (d, 2H, Ar-CH).

FTIR (ATR): 3292 (OH, NH), 3082, 2981 (CH), 1658 (C=0), 1597 (C=C, NH) cm™.

3.2.2.4. Synthesis of 2x12959-AA. A mixture of 12959-AC (41.7 mg, 0.15 mmol) and 12959-
AA (39 mg, 0.15 mmol) in 0.8 mL of methanol was stirred at 60 °C for 48 h under nitrogen.

The solvent was removed under reduced pressure to give 2x12959-AA as a pale orange oil.

IH-NMR (CDCls, 400 MHz, 5): 1.60 (s, 12H, CHs), 2.49 (m, 2H, CH,-C=0), 2.89 (m,
4H, CH2-N), 3.19 (d, 2H, CH2-N), 3.98 (m, 2H, CH2-0), 4.06 (m, 2H, CH2-0), 4.14 (m, 2H,
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CH2-0), 5.16 (m, 2H, CH2=), 5.85 (m, 1H, CH=), 6.92 (m, 4H, Ar-CH), 8.02 (m, 4H, Ar-
CH).

FTIR (ATR): 3411 (OH), 2932 (CH), 1733 (C=0, ester), 1661 (C=0, ketone), 1597,
1571 (C=C, Ar) cm™,

Q-Tof-MS (m/z): Calcd for C3oH390sN, 541.265. Found: 541.2676 [M+H]+.

3.2.3. Synthesis of Monomeric Photoinitiator

2x12959-AA (81.0 mg, 0.15 mmol) was dissolved in 5 ml diethyl ether. The mixture
was stirred in an ice bath. After 10 min., TBBr (46.3 mg, 0.21 mmol) and 1 ml diethyl ether
mixture was added. The reaction mixture was stirred for 1 h under cooling. The solvent was
removed under reduced pressure. The product was washed with diethyl ether and it was

obtained as a pale yellow oil in 73% yield.

IH-NMR (MeOD, 400 MHz, 5): 1.40 (s, 12H, CH3-C-OH), 1.44 (s, 9H, CH3-C), 3.04
(M, 2H, CH2-C=0), 3.60 (d, 2H, CH2-N), 3.77 (m, 4H, CH2-N), 4.04 (m, 4H, CH2-0), 4.37
(s, 2H, CH2-N), 4.55 (m, 2H, CH2-0), 5.68 (m, 2H, CHz=), 6.15 (m, 1H, CH=), 6.37 (s, 1H,
CH2=), 6.80 (s, 1H, CH2=), 6.94 (m, 4H, Ar-CH), 8.15 (m, 4H, Ar-CH).

13C-NMR (MeOD, 101 MHz, 5): 28.28 (CHs-C-OH), 28.68 (CH3-C), 30.86 (CH2-
C=0), 53.00 (CH2-N), 56.51 (CH2-O-C=0), 59.51 (CH2-0), 60.14 (CH2-N), 61.63 (CH2-0),
63.13 (CHz-N), 63.95 (CH2-N), 78.58 (C-(CHz)2), 84.49 (C-(CHs)a), 115.15 (CH2=CH),
126.25 (CH»=C), 129.60 (Ar-C), 130.28 (Ar-CH), 131.80 (Ar-CH), 133.92 (CH=CH>),
141.19 (C=CH>), 162.16 (Ar-C-0), 164.14 (Ar-C-0), 166.31 (O-C=0), 171.30 (O-C=0),
204.53 (Ar-C=0).

FTIR (ATR): 3324 (OH), 2977 (CH), 1733 (C=O0, ester), 1708 (C=O, ester), 1666
(C=0, ketone), 1598 (C=C, Ar), 1247, 1149 (C-O) cm'™.

Q-Tof-MS (m/z): Calcd for : CssHs2010NBr, 762.3466. Found: 761.3543.
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3.2.4. Synthesis of Polymeric Photoinitiator

In a typical copolymerization, DADMAC (84.3 mg of a 65 wt % aqueous solution,
0.339 mmol), 2x12959-QS (28.8 mg, 0.038 mmol), V-50 (0.91 mg) as initiator and 24.4 mg
of methanol were mixed in a test tube, and the tube was subjected to repeated freeze—thaw
cycles. The tube was placed in an oil bath and kept at 70 °C for 3-5 h. The copolymer was
precipitated into hot acetone and dried under vacuum to give the polymer as a colorless oil
in 15% yield.

3.2.5. ESR Spin Trapping (ESR-ST) Experiments

ESR-ST experiments were performed utilizing a Bruker EMX-plus spectrometer (X-
band). Toluene solutions of 12959 and 2x12959-QS were deoxygenated with nitrogen 15 min
prior to measurements. The irradiation was carried out with UV-vis light (Omnicure 1000,
150 W, 50% intensity) at 320-500 nm. The radicals formed at room temperature were
captured by phenyl-N-tert-butylnitrone (PBN). The ESR spectra simulations were carried
out with the WINSIM program [62].

3.2.6. UV-Vis Spectroscopy and Photolysis

UV-vis spectra of Pls were recorded in different solvents with a Carry 3 UV/Vis
spectrophotometer from Varian in methanol solution. For the photolysis experiments,
ethanol solutions of the Pls were irradiated with UV light (Omnicure 1000, 150 W, 50%

intensity) at 320-500 nm and the UV-vis spectra at different irradiation times were recorded.

3.2.7. Photoinitiating Activity Measurements

Photopolymerization experiments were carried out using a TA Instruments DSC 250
differential photocalorimeter with an Omnicure 2000 mercury lamp light source equipped
with a 320-500 nm filter. HEMA or PEGDA monomer (3-4 mg) containing Pls or the
reference (12959) were subjected to irradiation at 25 °C under nitrogen for 5 minutes. The
heat flow was observed as a function of time, and the polymerization rate was determined

using equation 3.1.
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_ (@/s)m
Rate = m (31)

where Q/s represents heat flow per second, M the molar mass of the monomer, n the number
of double bonds per monomer molecule, AH, the heat of reaction and m the mass of
monomer in the sample. The theoretical heats for the complete conversion of an acrylate and

methcarylate double bond are 86 kJ/mol and 55 kJ/mol, respectively.
3.2.8. Migration Studies

The mixture of HEMA/PEGDA/water (3/3/1 wt%) containing 12959, 2x12959-QS or
p-DADMAC-c0-2x12959-QS (0.2 wt%) underwent photopolymerization under air for 1 h in
glass vials using 365 nm irradiation. The crosslinked polymers were immersed in 25 mL of
methanol for 3 days. The quantity of extracted photoinitiators was determined by using UV-

visible spectroscopy.

3.3. Results and Discussion

3.3.1. Synthesis and Characterization of Monomeric Photoinitiator

A novel 12959-functionalized 1,6-heptadiene was synthesized using a four step
procedure (Figure 3.2). In the first step, 12959-Ts was synthesized by the reaction of 12959
and tosyl chloride [60]. Then, nucleophilic substitution reaction of allylamine with 12959-
Ts provided a secondary amine (12959-AA) which underwent an aza-Michael addition
reaction with 12959-acrylate in the third step to give a tertiary amine with two Irgacure 2959
functionalities (2x12959-AA) (Figure 3.2). The last step involved a quaternization reaction
between 2x12959-AA and TBBr in diethyl ether to give the pure product (2x12959-QS) as a

pale orange oil in 73% vyield.



25

o
o LN NH,
EtQHIH,0

i
la] 0
"o o - —@—S- Eo"(‘:ﬂh
DCM, KOH —\ A@_Sr 2. NaOH [ao Wi

r.t./2h
0 40°Ci3h
12959-AA

o
O ~on -"Q-.‘)LCI 0--./"\5'1"\";' MeOH
HO —_— HO 60°C/48h
dry DCM,Et;N
o o 12959-AC

LYK 3,
Yr 1 Show o L

o
diethyl ether S
c 0°C, 1h a
o
OH o OH
o]
HO' HO °

2x12858-Q5 2x12959-AA

Figure 3.2. Synthesis of the monomeric Pl, 2x12959-QS.

Structural characterization of the intermediates and Pls have been carried out using *H,
13C and FTIR spectroscopy and mass spectrometry. In the *H NMR of 12959-AA the peaks
at 5.13 and 5.86 ppm were assigned to the characteristic allyl proton peaks. The aromatic
proton peaks appear as two doublets at 6.94 and 8.15 ppm (Figure 3.3). The 'H NMR of
2x12959-AA showed four new methylene peaks at 2.49, 2.89, 4.06 and 4.14 ppm due to
addition of the second 12959 unit. The structure of this amine was further confirmed using
mass spectroscopy. After quaternization, we observed deshielding of about 0.4-0.9 ppm for
the methylene groups directly attached to the positively charged nitrogen atoms (Figure 3.4).
In the *H NMR of 2x12959-QS, two singlets observed at 1.40 and 1.44 ppm were assigned
to the methyl protons of tert-butyl and 12959 and the other two at 6.37 and 6.80 ppm to
methacrylate double bond. One of the two sets of aromatic protons due to two 12959 units
appears as two different doublets at 6.94 ppm, whereas the other set appears as overlapping
doublets at 8.15 ppm. The 3C-NMR showed three different carbonyl groups at 166.31,
171.30 and 204.53 ppm which are two ester groups and a ketone, respectively (Figure 3.5).
Also, the FT-IR showed three different C=0 group stretchings due to a ketone (1666 cm)
and two ester (1733 and 1708 cm™) groups (Figure 3.6).
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Figure 3.5. *C-NMR spectrum of 2x12959-QS.
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Figure 3.6. FTIR spectra of 2x12959-QS and its copolymer with DADMAC.

Table 3.1 summarizes the solubility of Pls and 12959 as reference. Quaternary
ammonium salts are generally highly soluble in polar and protic solvents such as water and
alcohols due to their ionic nature. However, 2x12959-QS is insoluble in water probably due
to two hydrophobic-tailed quaternary ammonium structure forming micelles. It is soluble in
low polarity solvents such as DCM and tetrahydrofuran. Additionally, the novel Pl has a
good compatibility with HEMA and PEGDA.

Table 3.1. Solubilities of the synthesized Pls and 12959.

Pl H.0 Methanol  Diethyl CHCl, THF DMF
ether
12959 + + + + + +
2x12959-QS - + - + + +

p-DADMAC-c0-12959-QS + + - - - -
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3.3.2. Synthesis and Characterization of Polymeric Photoinitiator

The copolymer of 2x12959-QS with DADMAC (10:90 mol% in feed) was prepared
in water/methanol (6/5 wt/wt) mixture at 70 °C with V-50 as thermal initiator (Figure 3.7).
The polymer is soluble in polar solvents such as water and methanol, suggesting the
formation of a highly cyclized polymer despite the monomer has an unsymmetrical structure
(Table 3.1). In general, when the reactivities of double bonds are different there is a
possibility of unfavorable cyclopolymerization. The high cyclization tendency of the
monomeric Pl was also confirmed by *H NMR spectrum of the polymer, where no pendant
double bonds could be detected (Figure 3.4). In the literature, the cyclization efficiency was
found to be affected by the size of the alkyl groups both on the vinyl groups and on the
linkage group [63-65]. The bulky groups prevent intermolecular reaction, thus favoring
cyclization. Therefore, we can say that due to a tert-butyl group on the methacrylate side and
two 12959 substituents on the linkage, 2x12959-QS is a favorable monomer for
cyclocopolymerization. *H NMR also shows two methyl protons of DADMAC at 3.22 ppm,
methylene protons attached to oxygen at 4.38 ppm, aromatic protons at 7.12 and 8.17 ppm
while backbone methylenes show peaks at 1.45 ppm. The experimentally measured
copolymer compositions calculated from the ratio of peak areas of aromatic CH groups of
2x12959-QS units to methyl groups attached to nitrogen of DADMAC (3.22 ppm) were
similar (88.3:11.7 mol% DADMAC:2x12959-QS) to feed compositions. The FTIR spectrum
of the copolymer exhibited a broad absorption at 3367 cm™* due to the presence of OH groups
and two intense peaks at 1711 and 1667 cm™ due to stretching of the ester and ketone
carbonyl groups (Figure 3.5). Mn value of this polymer was around 25,000 D and has a five-
membered ring structure at the backbone, expected because both DADMAC and allyl-
acrylate also give similar backbones upon homopolymerization [55,56,64,65].
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Thermal stability of 12959 was studied using TGA [66]. It shows an initial weight loss
at 151 °C and was completed at 269 °C [66]. Thermogravimetric analysis of the PP showed
a multistep weight loss similar to the homopolymer of poly-DADMAC (Figure 3.8) [66].
The initial weight loss was 9 wt % at 100 °C due to the loss of moisture from the sample.
Then two step degradation was observed, ~ 35 wt % loss at 250-385 °C (formation of methyl
chloride and tertiary amine) and 53 wt% loss at 385-485 °C (involves a number of reactions)
[66]. As a result, PPI exhibited excellent thermal stability compared to 12959, attributed to

quaternary ammonium groups of poly-DADMAC segments.
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Figure 3.8. TGA spectrum of p-DADMAC-c0-2x12959-QS.
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3.3.3. Light Absorption Properties

Absorption properties of the monomeric and polymeric Pls were determined by UV-
vis spectroscopy. 2x12959-QS and p-DADMAC-c0-2x12959-QS have a maximum UV
absorption wavelength at 271 and 272 nm in ethanol due to wt-rt* transition, similar to 12959
(Figure 3.9, Figure 3.10 and Table 3.2). The photodissociation of 12959 involves the
following transitions: 'nr* — nn* — 3aa* — 3nm™* which result in formation of benzoyl
and ketyl radicals [67]. A shoulder peak observed around 330 nm corresponds to the direct
n-m* transition. The molar absorption coefficient of 2x12959-QS (¢ = 32237 M cm™) is
stronger than that of 12959 (¢ = 16538 M-t cm™) which can be explained by the two aromatic
rings in the structure of 2x12959-QS (Table 3.2). Actually, this 2-fold increase in & value
and almost no change in the maximum absorption compared to 12959 indicate the
independence of the two PI units. Therefore they can be considered as isolated chromophoric
groups [68]. The approximate extinction coefficient of PPl was also calculated using the
amount of 2x12959-QS unit in the copolymer and found to be around 40000, again consistent

with the double substitution of the chromophoric group.

Table 3.2. Absorption characteristics of 2x12959-QS and 12959 in methanol and ethanol.

Pl Solvents Amax €
(nm) (M*cm?)
2x12959-QS MeOH 268 32237
2x12959-QS EtOH 271 26038
12959 MeOH 272 16538

When 2x12959-QS was irradiated using a 320-500 nm light source, the intensity of the
peak at 271 nm decreased very fast in only 5-10 sec, indicating very fast photolysis rate
(Figure 3.11A). We also observed a new peak at 251 nm, reaching a maximum absorbance
in 35 sec. The presence of two isobestic points suggests clean photolysis without other side
reactions. A similar peak was indicated during photolysis of a PEG based alpha-
hydroxyalkylphenone photoinitiator and assigned it to acetone generated by the cleavage of
hydroxyketone [69]. The photolysis of the PPl was also carried out under the same
conditions (Figure 3.11B). The decrease of the intensity of absorption peak at 272 nm also
confirmed decomposition of the PPI. Fluorescence spectra of the photoinitiators were taken

to get information on the nature of their excited states. Although 2x12959-QS did not show
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any fluorescence property, p-DADMAC-c0-2x12959-QS showed a weak fluorescence

emission (Figure 3.12).
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Figure 3.9. UV-vis absorption spectra of 2x12959-QS in ethanol.

15.
— 2 52¢10°
8 1.0 1 — 1.15x10°
5 —— 0.06x10"
< 0.5
n.nwj , _
250 300 350

Wavelength (nm)

Figure 3.10. UV-vis absorption spectra of p-DADMAC-c0-2x12959-QS in ethanol.
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Figure 3.11. Photolysis of (a) 2x12959-QS in ethanol (8.8x10°> M) and (b) p-DADMAC-
c0-2x12959-QS in ethanol (5.76x10¢ M) using 320-500 nm (intensity = 50 W)

light source.
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Figure 3.12. The fluorescence spectrum of p-DADMAC-c0-2x12959-QS in CH3CN:H20
(3:7 viv).

3.3.4. Electron Spin Resonance (ESR) Experiments

ESR-spin trapping experiments were carried out on 2x12959-QS, p-DADMAC-co-
2x12959-QS and 12959 as reference. The 12959 solution leads to two PBN radical adducts

which correspond to substituted benzoyl (an ~ 4.3 G) and alkyl radicals (an ~ 1.5 G) in
agreement with Type | behavior (Figure 3.12) [70]. A similar behavior is observed for
2x12959-QS, p-DADMAC-c0-2x12959-QS (Figure 3.13).
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Figure 3.13. ESR spectra of 12959 (a) and 2x12959-QS (c) before and after irradiation;

simulation of their EPR spectrum (b and d) after irradiation.

3.3.5. Photopolymerization Results

The photopolymerization performance of the synthesized Pls in the polymerization of
HEMA and PEGDA was investigated and compared to commercial 12959, using photo-DSC
with UV-vis irradiation (320-500 nm) at 25 °C (Figure 3.14-Figure 3.17). In
photopolymerization of HEMA, 2x12959-QS showed higher Rpmax and lower tmax (time to
reach the maximum heat of polymerization) values compared to 12959. The higher reactivity
of 2x12959-QS can be explained by two 12959 functional groups per molecule while 12959
is monofunctional (Figure 3.14). However, the same Pl showed much slower Kinetics in
photopolymerizing PEGDA compared to 12959 (Figure 3.15). The higher photoinitiating
reactivity of 2x12959-QS with HEMA compared to with PEGDA can be explained by

hydrogen bonding in the former.

In Figure 3.16, the rate-time and conversion-time graphs for the polymerization of
HEMA, which contains two different mol% of PPl and 12959 under the same conditions,
mentioned above. Increasing 12959 concentration from 0.13 to 2.13 mmol% resulted in a
shorter induction time without changing Rpmax and conversion values significantly.

However, increasing 2x12959-QS concentration resulted in approximately two times higher
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Rpmax Values in addition to lower tmax values. Actually, the formulation with the high PPI
concentration gives the shortest tmax and highest Rpmax (tmax = 0.27 min, Rpmax= 0.0385 s7')
values among the four, but also the lowest double bond conversion (69.9%). This can be
attributed to the high viscosity of the system obtained as a result of faster gelation which
decreases the initiation, propagation and termination reactions; thus decreasing both the rate
of polymerization and conversion [71]. The photopolymerization performance of p-
DADMAC-c0-2x12959-QS was also examined in the polymerization of PEGDA using
photo-DSC (Figure 3.17). A formulation containing 4.3 12959 equivalent mmol% of PPI was
used. Since this amount of PPl was not completely soluble in PEGDA, a small amount of
water (34 wt% of PEGDA) was added to the formulation and the polymerization was carried
out at 25 °C. The PPI showed slower photopolymerization kinetics compared to 12959, as
observed for 2x12959-QS.
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Figure 3.14. (a) Rate-time and (b) Conversion-time plots for HEMA containing 2x12959-
QS and 12959 at 25 °C under nitrogen irradiated by 320-500 nm.
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Figure 3.15. (a) Rate-time and (b) Conversion-time plots for PEGDA containing 2x12959-
QS and 12959 at 25 °C under nitrogen irradiated by 320-500 nm.
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Figure 3.16. (a) Rate-time and (b) Conversion-time plots for HEMA containing p-
DADMAC-c0-2x12959-QS and 12959 at 25 °C under nitrogen irradiated
by 320-500 nm.
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Figure 3.17. (a) Rate-time and (b) Conversion-time plots for PEGDA containing p-
DADMAC-c0-2x12959-QS and 12959 at 25 °C under nitrogen irradiated by 320-500 nm.

2x12959-QS is expected to have high polymerization reactivity as a monomer due to

its allyl-acrylate structure [64,65]. In order to test, it was photopolymerized with photo-DSC

under UV-vis (320-500 nm) irradiation. Figure 3.18 shows the exotherm recorded during the

photopolymerization. The high rate of polymerization upon irradiation indicates that the

degradative chain transfer reaction observed for N,N-diallylamine monomers is not

occuring.
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Figure 3.18. Heat flow-time plot for 2x12959-QS at 40 °C under nitrogen irradiated
by 320-500 nm.

3.3.6. Migration Stability

Migration stabilities of 2x12959-QS and p-DADMAC-c0-2x12959-QS were
investigated and compared with commercial 12959 (Figure 3.19). Amounts of the extracted
photoinitiators into methanol from HEMA/PEGDA hydrogel samples were determined by
using UV-Visible spectroscopy. To compare migration stability of crosslinked polymer
systems, the photoinitiator contents of 12959, 2x12959-QS and p-DADMAC-c0-2x12959-
QS polymer samples were fixed to 0.2 wt%. It was found that the migrations of 2x12959-QS
(6%) and p-DADMAC-c0-2x12959-QS (9%) are lower than 12959 (51%). This indicates

much better incorporation of 2x12959-QS and copolymer into polymer samples.
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Figure 3.19. UV-Visible absorption spectra of 12959, 2x12959-QS and p-DADMAC-co-
2x12959-QS extracted with methanol from the HEMA/PEGDA/water (3/3/1 wt%) polymer

samples.

3.4. Conclusion

In summary, one cyclopolymerizable and one cyclopolymeric Type | Pl with
quaternary ammonium functionality were synthesized and their structures were confirmed
by NMR, FTIR and mass spectroscopies. These Pls show an absorption at 271, 272 nm
similar to 12959 but have about twice the extinction coefficient of 12959 due to double
substitution. PPI has higher water solubility than 12959 due to DADMAC units and high
cyclization efficiency, makes it useful for photopolymerizations in aqueous solutions. It also
has good thermal stability compared to 12959 provided by quaternary ammonium
functionalities. Both Pls generate benzoyl and isopropyl ketyl radicals under UV light. They
can initiate the photopolymerization of PEGDA and HEMA, their photoinitiating efficiency
of HEMA was found to be higher compared to 12959 however lower than 12959 in PEGDA.
The migration stability of the synthesized Pls from the photocured materials were much
higher than 12959, consistent with high reactivity of monomeric and high molecular weight
of PPI and incorporation of both into the network structure. These Pls may also improve the

properties (mechanical and antibacterial) of the final materials they get incorporated into.
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4. WATER-SOLUBLE PHOTOINITIATOR FROM
2,3-DIMERCAPTOSUCCINIC ACID

4.1. Introduction

2,3-Dimercaptosuccinic acid (DMSA) contains two carboxylic acid and
two thiol groups and can exist as three different stereocisomers (2S,3S and 2R,3R isomers as
enantiomers and 2R,3S isomer is a meso compound). meso 2, 3-dimercaptosuccinic acid,
commercially sold as Chemet®, is used in the chelation of heavy metals for therapy [72].
DMSA has a multiple functionalization capacity due to its thiol and carboxylic acid groups.
It can be used in Michael type thiol-ene addition reactions as a non-enolate nucleophile.
These thiol-Michael additon reactions requires thiolate anions which can be obtained with
either the base or the nucleophile catalyst [73,74]. Then the thiolate anion attacks the double
bond carbon, forming carbon-centered anion as an intermediate which is then protonated
using the conjugate acid to generate thioether products. In general, reactions take place in

mild conditions and have no byproducts.

In this chapter, thiol-Michael addition capability of DMSA was utilized to synthesize
a novel double 12959 functionalized Pl using DBU (Figure 4.1). After formation of the
thioether products, regenered base catalyst was also used to neutralize carboxylic acid groups
of the products to obtain a water soluble PI. It provides high water solubility and thermal
stability compared to 12959 due to its quaternary ammonium functionality. It is expected to
have high reactivity due to two a-hydroxyketone units in its structure. It has migration
stability coming with its reasonably high molecular weight, overcome the limited migration
stability of 12959. The photoinitiating ability, migration stability and photochemical

mechanisms of the of the novel PI were investigated.


https://en.wikipedia.org/wiki/Carboxylic_acid
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Figure 4.1. Structure of the novel (DMSA-12959-DBU) photoinitiator.

4.2. Experimental

4.2.1. Materials and Characterization

Acrylate ester of 12959 (12959-AC) was synthesized according to a literature
procedure [59]. Irgacure 2959 (12959), acryloyl chloride, anhydrous sodium sulfate
(Na2S04), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU), meso-2,3-dimercaptosuccinic acid
(DMSA), 2-hydroxyethyl methacrylate (HEMA), poly(ethylene glycol) diacrylate (PEGDA,
Mn= 575 D) and the other reagents and solvents purchased from Sigma-Aldrich and used as
received without further purification. Dichloromethane (DCM) was dried over molecular

sieves.

'H and *C-NMR spectra were acquired using Varian Gemini (400 MHz) spectrometer
in deuterated water (D20). IR spectra were obtained with a Nicolet 6700 FT-IR
spectrophotometer. Raman spectroscopic measurements were performed on a Renishaw

InVia Raman microscope.
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4.2.2. Synthesis of DMSA-12959-DBU

DMSA (19.3 mg, 0.106 mmol) was dissolved in distilled water (6.4 ml) and 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) (32.2 mg, 0.212 mmol) mixture. The mixture was
added into round bottom flask which contains 12959-AC (58.9 mg, 0.212 mmol) and 0.3 mL
MeOH. The mixture was stirred at 45°C for 48h. The solvent was removed under reduced
pressure. The residue was washed with THF to remove unreacted DBU and Irgacure 2959-

AC. The product was obtained as a pale yellow oil in 40-50% vyield.

IH-NMR (D20, 400 MHz, 5): 1.60 (s, 12H, CH3-C-OH), 1.72 (m, 16H, CH2-CHy2),
2.63 (t, 4H, CH2-C), 2.77 (t, 4H, CH2-C=0), 2.92 (t, 4H, CH2-S), 3.34 (m, 6H, CH-S and
CH2-N*H), 3.57 (m, 8H, CH2-N), 4.42 (t, 4H, CH2-0), 4.52 (t, 4H, CH2-0), 7.12 (d, 4H, Ar-
CH), 8.14 (d, 4H, Ar-CH).

13C-NMR (D20, 101 MHz, 5): 18.84 (CH2-CH2), 23.24 (CH2-S), 24.95 (CH2-CH2),
27.24 (CH2-CH>), 28.35 (CH3-C and CH2-C), 32.68 (CH2-CH2-N), 37.89 (CH2-C=0), 48.11
(CH2-N and CHa-N*H), 54.03 (CH-S), 63.25 (CH2-O-C=0), 66.10 (CHz-O-Ar), 77.39
(C(CH3)2-OH), 127.54 (Ar-C), 132.35 (Ar-CH), 161.80 (C=N*H), 165.82 (O-C-Ar), 174.09
(0-C=0), 177.12 (O*-C=0), 206.10 (O=C-A).

FT-IR (ATR): 3232, 3100, 2929 (O-H,N-H,C-H), 1732 (C=0, ester), 1644 (C=0
(ketone) and C=N), 1596 (C=C), 1158 (C-O) cm™.

Q-Tof-MS (m/z): Calcd for : Cs2H74014N4S2, 1042.4578. Found: 1043.4658
[M+H]+.

4.2.3. UV-Vis Spectroscopy and Photolysis

UV-vis spectra of Pl were obtained in various solvents with a Carry 3 UV/Vis
spectrophotometer from Varian in methanol solution. For the photolysis experiments,
ethanol solution of the Pls was irradiated with UV light (Omnicure 1000, 150 W, 50%

intensity) at 320-500 nm and the UV-vis spectra at different irradiation times were recorded.
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4.2.4. Photoinitiating Activity Measurements

A TA Instruments DSC 250 differential photocalorimeter using an Omnicure 2000
mercury lamp light source with a 320-500 nm filter was used for photopolymerization
experiments. HEMA or PEGDA monomer (3-4 mg) containing 1 wt% of DMSA-12959
DBU or the reference (12959) were exposed to irradiation at 25 °C under nitrogen for 5 min.
The heat flow was monitored as a function of time, and the polymerization rate was

calculated as

_ (@Q/s)M
Rate = w , (4.1)

where Q/s is the heat flow per second, M the molar mass of the monomer, n the number of
double bonds per monomer molecule, AHp the heat of reaction evolved and m the mass of
monomer in the sample. The theoretical heats for the total conversion of an acrylate and

methcarylate double bond are 86 kJ/mol and 55 kJ/mol, respectively.
4.2.5. Migration Study

In the presence of 12959 and DMSA-12959-DBU (0.5 mmol% PI), the HEMA/PEGDA
(50/50 mmol%) mixture was photopolymerized under air for 1 h in glass vials via 365 nm
irradiation. The crosslinked polymers were immersed in 25 mL of methanol for 3 days. The

amount of extracted photoinitiators was calculated by using UV-visible spectroscopy.

4.3. Results and Discussion

4.3.1. Synthesis and Characterization of Water Soluble Photoinitiator

A 12959-functionalized DMSA was synthesized as a novel photoinitiator in two steps
(Figure 4.2). In the first step, 12959-AC was synthesized by the reaction of 12959 and
acryloyl chloride [59]. In the second step, DMSA-12959-DBU was synthesized by thiol-
Michael addition reaction of 12959-AC and DMSA in the presence of DBU as a base catalyst.
DMSA-12959-DBU was obtained as a pale yellow oil in the range of 40-50% yield.
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Figure 4.2. Synthesis of the PI, DMSA-12959-DBU.

Table 4.1 shows the solubilities of the novel Pl and 12959 as reference. The synthesized
photoinitiator is soluble in polar protic solvents such as water and methanol due to its ionic
nature. It is insoluble in nonpolar solvents such as diethyl ether; however, it is soluble in

CH2Cl2. Furthermore, the novel PI has a good compatibility with HEMA.

Table 4.1. Solubilities of the synthesized Pl and 12959.

Pl H.0  Methanol Diethyl  CH:Clz  THF DMF
ether
12959 + + + + + +
DMSA-12959-DBU + + - + - +

The structure of the novel photoinitiator was confirmed by 'H-NMR, *C-NMR,
Raman and FTIR spectra and mass spectrometry. The *H NMR spectrum shows peaks for
methylene groups of 12959 at 4.42, 4.52 ppm and methylene groups of DBU at 1.72, 2.63,
3.34 and 3.57 ppm and also specific signals of the 12959 aromatic ring at 7.12 and 8.14 ppm
as doublets (Figure 4.3). The 3C-NMR showed three different carbonyl groups at 174.09,
177.12 and 206.10 ppm which are ester, carboxylate and ketone groups, respectively (Figure
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4.4). The FT-IR spectrum shows two different C=0 peaks due to ketone, ester and

carboxylate groups (Figure 4.5). Raman spectrum shows C-S rooting at 693 cm and no
peaks at 2563 cm™* which is specific for S-H in mercapto group of pure DMSA (Figure 4.6).

This proves that the novel photoinitiator has two 12959 units. The structure of the
photoinitiator was further confirmed by using mass spectroscopy.
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Figure 4.3. 'H-NMR spectrum of DMSA-12959-DBU.
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Figure 4.5. FTIR spectrum of DMSA-12959-DBU.
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Figure 4.6. Raman spectra of (a) DMSA and (b) DMSA-12959-DBU.

4.3.2. Light Absorption Properties

Absorption characteristics of DMSA-12959-DBU was examined by UV-vis
spectroscopy. It has a maximum UV absorption wavelength at 278 nm in water and 272 nm
in ethanol due to rt-mo* transition, similar to 12959 (Amax= 276 nm in water) (Figure 4.7) [62].
The molar absorption coefficients of DMSA-12959-DBU (g = 11716 Mt cm™ in water and

10784 M-t cmtin ethanol) are slightly lower than that of 12959 (¢ = 15150 M- cm in water)
(Table 4.2).

Table 4.2. Absorption characteristics of DMSA-12959-DBU and 12959 in water and

ethanol.
Pl Solvents Amax €
(nm) (M1 cm?)
DMSA-12959-DBU H-0 278 11716
DMSA-12959-DBU EtOH 272 10784
12959 H20 276 15150

The photolysis of DMSA-12959-DBU in water and ethanol was investigated. When
DMSA-12959-DBU in water was irradiated using a 320-500 nm light source, the intensity

of the peak at 274 nm decreased and also a new peak at 248 nm was observed, reaching a
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maximum absorbance in 120 s (Figure 4.8A). During the investigation of photolysis of PEG-
based alpha-hydroxyalkylphenone photoinitiators, a similar peak was reported, which they
linked to the production of acetone resulting from the cleavage of the C-C bond within the
hydroxyketone structure [69]. Also, photolysis spectrum of DMSA-12959-DBU in ethanol
shows decrease in the intensity of the peak at 272 nm and a new peak at 250 nm due to the

formation of acetone after cleavage of hydroxyketone (Figure 4.8B).
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Figure 4.8. Photolysis of DMSA-12959-DBU (a) in water (3.52x10° M) and (b) in ethanol
(2x104 M).
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4.3.3. Photopolymerization Results

The photopolymerization efficiency of the synthesized PI in the polymerization of
HEMA and PEGDA was tested and commercial 12959 was used for comparison. DMSA-
12959-DBU (1 wt%) was soluble in HEMA, but not in PEGDA at the same concentration.
Therefore PI/PEGDA/water (1/95/5 wt%) system was used. Photo-DSC with UV-vis
irradiation (320-500 nm) at 25 °C was used for analysis. Figure 4.9 displays the rate-time
and conversion-time plots for the polymerization of HEMA containing DMSA-12959-DBU
(1 wt%) and 12959 (1 wt%). It was observed that, DMSA-12959-DBU (Rpmax = 0.0180 s—1,
tmax = 1.52 min, conversion = 92.4%) has a lower maximum rate of polymerization, longer
induction time and slightly higher conversion than 12959 (Rpmax = 0.0252 s7!, tmax = 0.79
min, conversion = 86.3%). In Figure 4.10, photopolymerization profiles of PEGDA/water
(95/5 wt%) mixture using DMSA-12959-DBU and 12959 are given. DMSA-12959-DBU
showed slower kinetics compared to 12959; DMSA-12959-DBU (Rpmax = 0.125 57!, tmax =
0.07 min) and 12959 (Rpmax = 0.170 57!, tmax= 0.04 min). However, DMSA-12959-DBU has
higher conversion than 12959. The lower polymerization rates can be explained by the steric
hinderance of this Pl and also residual unreacted thiol groups in the PI structure (although

they were not observed in Raman) which may cause degradative chain transfer reactions.
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Figure 4.9. (a) Rate-time and (b) Conversion-time plots for HEMA containing DMSA-
12959-DBU (1 wt%) and 12959 (1 wt%) at 25 °C under nitrogen irradiated by 320-500 nm.
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Figure 4.10. (a) Rate-time and (b) Conversion-time plots for PEGDA/water (95/5 wt%)
containing DMSA-12959-DBU and 12959 at 25 °C under nitrogen irradiated by 320-500

nm.

4.3.4. Migration Stability

The properties of the Pls such as molecular weight, volatility, polarity and lipophilicity
are found to be important factors affecting migration [75]. In a literature experiment, the
concentration of main photodecomposition products of 12959, (2-hydroxyethoxy)-2-
methylpropiophenone, 3-(4-methoxyphenyl)-1-propanol, 1-phenylethenol was found to be
low compared to the unreacted Pl in the absence of monomer [76].

The migration stability of DMSA-12959-DBU was investigated and compared with
commercial 12959 as a reference. The amount of extracted Pls from HEMA/PEGDA gel
samples into methanol was determined by using UV-Vis spectroscopy. The photoinitiator
contents of 12959 and DMSA-12959-DBU crosslinked polymer samples were fixed into 0.5
mmol% to compare migration stability of DMSA-12959-DBU with 12959. As shown in
Figure 4.11, the amount of extracted Pls from DMSA-12959-DBU sample (14%) was lower
than 12959 sample (53%) due to better incorporation and macromolecular structure of
DMSA-12959-DBU or its higher molecular weight.
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Figure 4.11. UV-Visible absorption spectra of 12959 and DMSA-12959-DBU extracted
with methanol from the HEMA/PEGDA (50/50 mmol%) polymer samples.

4.4. Conclusion

In summary, a novel highly water-soluble Type I Pl with DBU counterion was
synthesized and their structures were confirmed by NMR, FTIR, Raman and mass
spectroscopies. Pl has higher water solubility than 12959 due to presence of two carboxylate
salt units. This P1 shows an absorption at 272 nm similar to 12959 but has lower extinction
coefficient compared to 12959. It can initiate the photopolymerization of PEGDA and
HEMA. The migration stability of the synthesized PI is about 4 times higher than that of
12959 because of high molecular weight of it and unreactive photodecomposition

byproducts.
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5. CONCLUDING REMARKS

In this thesis, novel photoinitiators based on 12959 were synthesized with diverse
purposes of water solubility, UV-vis light reactivity and high migration stability. Their
structures were proven by *H-NMR, 3C-NMR, FT-IR, Raman and mass spectroscopies.

Also, their photophysical and photochemical properties were investigated.

A novel doubly Irgacure 2959 functionalized allyl-acrylate quaternary ammonium salt
(2x12959-QS) as cyclopolymerizable monomer/photoinitiator and its cyclocopolymer with
DADMAC (p-DADMAC-c0-2x12959-QS) as a water-soluble polymeric photoinitiator were
synthesized. There is no cylopolymerizable quaternary ammonium salt photoinitiator in the
literature. A Irgacure 2959 functionalized 2,3-dimercaptosuccinic acid DBU salt was

synthesized as a high molecular weight photoinitiator.

The advantageous properties of these monomeric/polymeric and high molecular
weight photoinitiators include high reactivity (due to two 12959 and acrylate functionalities),
water solubility (polymeric and high molecular weight one, due to salt structures), migration
stability (monomeric/polymeric, high molecular weight nature), excellent thermal stabilities
(monomeric/polymeric, quaternary ammonium functionality and cyclopolymerizable and/or

cyclic structures).
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