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General Introduction

Polymers, as a field among materials, have permeated into all aspects of daily life, such as health, cosmetics [1], food processing [2], coatings [3], packaging [4], transport [5], energy [6], electronics [7], dentistry [8], adhesives [9], paints [10], optics [11] and nanotechnologies [12], etc.

To face the growing demand for technological developments, it is crucial to develop new processes that are fast, ecofriendly and economical for polymer manufacture, in order to address the concerns of industry, e.g., cost and environmental pollution. Wherein the method for the synthesis of polymers by means of radiation is currently undergoing considerable development [13]. Meanwhile, scientists have also been interested in an alternative inducement, heat, in polymerization reactions. While the requirements of energy and long reaction time and the using of solvents are of indispensability for such thermal polymerization.

Over the past decades, radiation polymerization has received considerable attention and enjoyed intense development [14]. It is thus an attractive topic among the increasing researches featuring from ionizing radiation [14 a-b], X-ray radiation [14 c] up to microwave radiation [14 d]. Fortunately, with the progress of science and technology, the light sources with the advantages of low cost and high efficiency have been developed [15]. reaction is induced by a high-performance PI/PS or PIS to initiate a chosen polymerizable medium (M) upon exposure to a given light source (S). They are strongly connected and govern the overall efficiency of the polymerization reaction. The PIS normally consists of two or three components (i.e. a PI/PS in combination with certain additive(s)). PI or PIS is a compound or several compounds that can decompose into reactive species (e.g. free radicals, cations or anions) upon radiation of light, subsequently, these reactive species would activate the polymerization of specific functional groups on the monomers.

The photophysical properties (in the aspects of light absorption and molar extinction coefficients) and reactivities (singlet state energy, oxidation potential, free energy change, rate constant of excited singlet state quenching, electron transfer quantum yield, fluorescence quantum yield and fluorescence lifetime) are the decisive factors to evaluate the photoinitiation ability for a PI/PS or PIS [16].

Typically the desired physical properties of photopolymer primarily depend on the type of monomers or prepolymers (i.e. monofunctional or multifunctional). Therefore, the work on novel monomers and oligomers that can polymerize in the presence of light via either internal or external initiation has been extremely eye-catching recently [9,15].

In the frame of this work aiming at developing a high-performance and efficient photoinitiating system containing the safe and available photoinitiator, which not only possesses the property of visible-light response, but also can be used as a versatile initiating system under visible-light LED irradiation that initiates free-radical polymerization (FRP), cationic polymerization (CP), free-radical promoted cationic polymerization (FRPCP), thiol-ene polymerization and synthesis of interpenetrating polymer networks (IPN) or some polymerizations of them.

Indeed, the development of new PIS that is capable of strongly absorbing light in the visible-light region and allowing the use of green light source with low light-intensity is a great challenge in this work of thesis. Especially for LEDs, which inevitably impose the strict irradiation conditions on polymerization experiments owing to their narrow emission bandwidth. Over the last several years, a significant progress in synthesis of the novel derivatives based upon the skeleton structures of traditional photoinitiators has been achieved [22]. However, considering the issues of cost and solvent pollution, there are still a number of cheap and commercially available compounds towards the development of green photo-curing technology, which have the potentiality of being directly used as photoinitiators / photosensitizers (PS) without any modification. So, in this case, fluorescent brighteners (also known as optical brighteners, OB) are the prime target compounds for my research.

Before carrying out this work, the expected fluorescent brighteners and/or brighteners-based photoinitiating system must meet the criteria as follows [16 a, e-f, h-i, 18, 22]:

1. Good photon absorption efficiency: particularly, the absorption profile has to overlap the emission spectrum of visible-light LED lamp.

2. Good solubility with monomers.

3. The products before use and the resultant products formed after the reaction must not be toxic.

4. Low cost and storage stability.

Initially, our research is oriented towards the comprehensive investigation of the physicochemical properties and photoreactivities (including reaction mechanisms) for two kinds of fundamental fluorescent brighteners (triazinylstilbene and 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene). These parameters are helpful in preliminarily comprehending these two fluorophore groups (stilbene and benzoxazole) for the application of photo-curing. Furthermore, emphasis is also placed on studying the photolysis kinetics of these brighteners. Because the possible presence of photocleavage is conducive to further acquainting with the photoinitiation mechanism of the investigated brighteners.

Based on this knowledge, my latter work mainly focuses on three parts. The first one deals with the above two brighteners, their derivatives and a laser dye as photoinitiators for radical photopolymerizations of acrylates/water blends upon visible LED light exposure, the type of acrylates ranges from monofunctional to multifunctional monomer. In this part, a water based acrylate formulation containing brighteners-based initiating systems enables the LED-assisted synthesis of hydrogels and of waterborne coating. The second part is devoted to research the brightener-based two-component initiating systems (OB/Ph2I + ) and three-component initiating systems (OB/Ph2I + /additives) for radical and hybrid radical/cationic photopolymerizations upon exposure to visible-light LED irradiation, the investigated brighteners consist of the above last three and other two new derivatives of stilbene and naphthalene. At last, we pay attention to the above investigated brighteners as photoinitiators for the preparation of polymeric nanoparticles via emulsion photopolymerizations. This is a valuable method that concentrates on the serving of the synthesis of nanoparticles upon such soft light irradiation conditions. We believe that the above research expands the availability of using these brighteners as versatile visible-light sensitive LED photoinitiators in various acrylate based formulations.

In order to fully study these fluorescent brighteners, the photopolymerization kinetics of reaction are characterized by Real-Time Fourier Transform Infrared spectroscopy (RT-FTIR).

The radicals formation is detected by Electron-Spin Resonance-Spin Trapping (ESR-ST) spectroscopic method. The Laser Flash Photolysis (LFP) is used as a complementary technique to study the efficiency and reactivity of the generated radicals. The underlying photochemical mechanisms are investigated by steady state fluorescence, cyclic voltammetry, and steady state photolysis techniques. The various experimental techniques are presented in the appendix of this manuscript, and the principle of these techniques is described in the experimental part.
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Introduction

Radiation induced polymerization as a branch of science has to originate from 1950s. We speak of photopolymerization where the chain-producing reactions are induced by light, i.e. light-induced polymerization, which has been very well-known for many years, and, applications of which in industries benefit from the high productivity and lower costs over thermal and redox polymerizations [1][2]. 

Photopolymerizations can be classified by the type of active center initiating the chain reaction of polymerization, typically this reaction mainly proceeds after being initiated by free-radical (reaction 1) and ionic active center (reaction 2 and 3). The one is called free-radical photopolymerization (FRP) that both the initiating species and the growing chain ends are radicals, which possess an unpaired electron (reactions 4-7) [2 c, 3]. One important characteristic of this kind of photopolymerization is that the formation of polymer chains derives from the highly reactive free-radical active species attacking the carbon-carbon double bonds in unsaturated monomers. The reaction rate of FRP is quite fast and this prevalent reaction is insensitive to moisture and temperature while is susceptible to oxygen.

Scheme 1

The holographic recording setup [3 b].

In industrial sectors, FRP reactions have been extensively applied for many years in the aspects of radiation curing, imaging, microelectronics, medicine or optics (with various applications, e.g., in adhesives, graphic arts, coatings, varnishes, paints, laser direct imaging, computer-to-plate technology, printing plates, stereolithography, photoresists, tooth repair or holographic optical elements). For instance, holographic recording (setup is shown in Scheme 1)

as one of the most common industrial applications of FRP reaction, the holographic polymer is fabricated by the visible curable systems and use of fluorinated acrylate monomers.

Herein, the curable system is generally initiated by a photoinitiating system (PIS) when exposed to light source, which comprises one or several compounds, at least containing a photoinitiator (PI) and/or a photosensitizer (PS) [4]. At the early stage of FRP, PI changes into excited state (PI*) after absorbing the light, subsequently, generates a radical R• either directly through cleavage or with the help of electron/hydrogen donor. In the case of the presence of a photosensitizer, it would be excited into PS* upon irradiation with light, subsequently, R• or other new ion radicals would be formed or created via energy (reaction 5) or electron transfer (reaction 6).

Free-radical photopolymerization as the most versatile process offers the most important choice of materials and potential photoinitiating systems. This chapter provides the fundamental considerations of this reaction (the reaction mechanism and the effect of oxygen inhibition), along with the briefly summary of the conventional UV and the developed visible-light photoinitiators as well as the photopolymerizable monomers.

Conventional UV Photoinitiators

In a general way, free-radical photopolymerizations may be initiated by either cleavage or H-abstraction type initiators, both of which can be designated as free-radical photoinitiators.

Photoinitiators are the subject of particularly extensive research owing to their vital role in the field of photopolymerization.

A photoinitiator is a compound that converts the absorbed light energy, UV or visible light, into chemical energy in the form of initiating species, i.e. free radicals, cations or anions [5]. In general, most photoinitiators are subject to limitations on exhibiting a sensitivity in the visible-light region of electromagnetic spectrum, only certain aromatic ketones, such as thioxanthones and ketocoumarins have a light absorption that exceeds 400 nm [6].

Based on the mechanism by which initiating radicals are formed, free-radical photoinitiators are generally divided into two classes: phenyl]-2-methyl-1-propanone (Irgacure 2959), etc, the corresponding chemical structures and light absorption properties are summarized in Table 1.

Table 1 The chemical structures and light absorption properties of the conventional type I photoinitiators (0.001% in acetonitrile). In general, type II photoinitiators initiate slower than Type I photoinitiators as whose the initiation is based on a bimolecular reaction. Since the excited triplet states are the reactive precursors of light induced chemical changes for carbonyl compounds, thereby, these systems are more sensitive to quenching [8]. Upon the irradiation with UV light, the commonly available ones include: camphorquinone (CQ), isopropyl thioxanthone (ITX), 2,4,6-trimethylbenzophenone, 1-chloro-4-propoxythioxanthone (CPTX), benzil and its derivatives, etc, the corresponding chemical structures and light absorption properties are summarized in Table 2.

Photoinitiators

Table 2 The chemical structures and light absorption properties of the conventional type II photoinitiators (0.001% in acetonitrile). UV photoinitiators of both Type I and Type II can be easily found on the market, so there are a large number of commercially available ones for industrial lines. Nevertheless, the most important intrinsic drawbacks of the UV-induced polymerization are related to the radiation source itself, which firstly require the high-flux of delivered photons (typically 80-120 W/cm 2 ), the high energy consumption should be thus considered, and, secondly are associated with the harmfulness to human eyes, the third main drawback contributes to its short lifetime and ozone release [9].

Photoinitiators

Therefore, we have to put more emphasis on the exploration and development of novel photoinitiators and/or photoinitiating systems, whose absorption bands must overlap with the emission spectrum of visible-light light source, in order to overcome the aforementioned disadvantages by replacing the UV lamps with visible-light radiation sources.

Visible-light Sensitive Photoinitiators and Photoinitiating Systems

The design and development of promising photoinitiators or photosensitizers exhibiting excellent visible-light absorption properties (with high molar extinction coefficients) and capable of being introduced into PISs-PI/PS and additive(s)-an eye-catching research topic that has attracted increasing attentions not only for polymer synthesis, but also for various fields ranging from imaging and optics technologies to medicine, material elaboration, microelectronics, nanotechnology areas. Except the requirement of photophysical properties for the development of PI/PS, long singlet (or triplet) state lifetime is also the decisive factor for PI.

Over the past decades, some visible-light photoinitiators have been proposed, based on introducing various auxochromes into the existing UV photoinitiators, such as amino, halogen, or extending the conjugation structures for these UV photoinitiators [1 a]. Typically, the absorption spectrum of these modified photoinitiators can be shifted from UV to the visible region, as well as be exploited with better light absorption characteristics, thus achieving more efficient PISs in conjunction with new additives, e.g., iodonium salt, amine, N-vinylcarbazole, silane (the same effect holds true with a germane or a borane), chlorotriazine, etc [10][11].

Besides, photocatalysts, another kind of visible-light photoinitiator characteristic of being regenerated by either oxidative or reductive cycles in their corresponding PIS, possess reversible redox potentials and are able to avoid any loss of photoreactivity upon light irradiation (because of the well-known photoredox catalysis) [12]. In controlled polymerization reactions, some particular photocatalysts can play the role of control agents [13].

1. Visible-light sensitive PI/PIS based on organometallic compounds

The design of PI/PIS containing metal complexes and/or metal based compounds is pretty promising for photopolymerization reactions, as many organic metal compounds exhibit high photoreactivity and good thermal stability, moreover, show an adequate absorption in the visible region owing to the d-d transitions of the metal ions [14]. Since the early 1880s, the appearance of some metallocene initiators, i.e. bis(cyclopentadienyl) titanium and bis(cyclopentadienyl) zirconium, broadens the new horizon for photopolymerization techniques.

Scheme 5

The initiating mechanism of bis(2,6-difluoro-3-(1-hydropyrro-1-yl)-phenyl)titanocene via free-radical initiating mechanism [9].

Remarkably, the commercially available fluorinated diphenyltitanocene (Irgacure 784, Scheme 5) is a representative photoinitiator for the polymerization of acrylates, with the advantages of low toxicity, low yellowing index, high storage stability, high efficiency and excellent absorption up to 500 nm, and has a wide range of industrial applications.

Scheme 6

The photoinitiating cleavage mechanism of acyl trimethyl germane [9].

Furthermore, a new class of organic ketone photoinitiators containing germanium deserves special discussion because of its significant red-shift of the n-π* transition [15]. This kind of photoinitiators can produce free radicals through α-cleavage process under light exposure that can efficiently initiate the FRP of (meth)acrylate monomers [16] and free radical promoted cationic photopolymerization (FRPCP) of epoxide monomers [17]. For instance, acyl trimethyl germane (Scheme 6) as a high performance one-component free-radical photoinitiator has been documented [16 c]. Lalevée et al. [18] found that the initiating efficiency of the other two germanium-containing co-initiators, triphenylgermanium hydride and tris(trimethylsilyl)germanium hydride, is similar or even better than tertiary amines when incorporate with a PI, respectively.

Additionally, a series of Ru(II) [19], Pt(II) [20], Ir(III) [21] and other transition metal complexes have been introduced into PISs in the polymer photochemistry field, under very soft irradiation conditions (e.g., sunlight, fluorescent bulbs or LED bulbs), due to their capability of intense light absorption in the visible region, suitable redox potentials and long lived excited states [22].

It is worth noting that polyoxometalates may be incorporated into the combination of IOD/(TMS)3Si-H, which not only exhibits higher efficiency for various photopolymerizations by the hydrogen atom transfer or electron transfer reactions [23].

2. Visible-light sensitive PI/PIS based on organic dyes

Even though the addition of metal complexes enables the higher photoinitiation ability for PISs, however, the expensive cost and difficulty for the synthesis of these compounds have to be considered. Organic dyes, as substitutes of the metal complexes have been proved to be feasible and still remain high attractions for a lot of research groups [24]. The term "dye" refers to a colored substance that is able to absorb light between 380 and 700 nm. Introducing it into polymer synthesis as visible-light photosensitizer has already been reported for several years, the previously reported dyes include acridine orange, eosin 

Dye-H • + R• → [Dye...RH]* (11) 
Here, RH could be the dye itself or the monomer in absence of coinitiator.

In a photochemical reaction, dyes would be excited after absorbing the photons (reaction 8).

Subsequently, the excited dye forms an excited complex (exciplex) with the hydrogen donor (RH in reaction 9) which generated both active radical species and dye radical cations via an electron transfer followed by a hydrogen abstraction reaction. The active radical species could initiate the free-radical polymerizations (reaction 10), whereas the dye radical cations would possibly couple with the active radical species instead of initiating the polymerization reactions (reaction 11), the photoinitiating efficiency would be thus reduced as these dye radical cations do not have the same photoinitiation ability.

Dye → Dye* (hv or 2hv)

Dye* + On + X -→ [Dye...On + X -]* → Dye •+ X -+ On• (13)

Dye •+ X -+ R-H → HDye + X -+ R• (14) 
HDye + X -→ H + X -+ Dye (15)

In order to remedy above limitation on photopolymerization reactions, Padon et al. [25 a] found that onium salt can improve the efficiency of this PIS based on dyes/hydrogen donors (the possible mechanisms are described in reactions 12-15). In addition, Grotzinger et al. [25 b] found that 2-(methoxyphenyl)-4,6-bis (trichloromethyl)-1,3,5-triazine also can play a positive role in the efficiency of dye/amine systems.

Apart from these commercially available dyes, the newly developed dyes applicable in 

Visible-light sensitive polymeric photoinitiators

In the film and coating industries, species that migrate from a film or coating may cause yellowing at surfaces. In the food-packaging industry, migrating species may contaminate foods. anhydride onto the thioxanthone structure by the method of "click chemistry". The obtained macrophotoinitiator shows a maximum light absorption at 380 nm, in addition, whose initiating performance could be improved when introduces some hydrophilic monomers, such as acrylic acid, acrylamide, vinyl piperidine, and hydroxymethyl acrylate.

Photopolymerizable Monomers

Since the neutral nature of free-radical species, so they do not delocalize the charge on the propagating center by electron-donating or electron-withdrawing substituents, as is the case with ionic polymerizations, most unsaturated monomers are thus able to be widely used for free-radical photopolymerizations. The carbon-carbon double bond (C=C) can be opened by free-radical active center, then being linked further together as reaction progresses. In general,
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Chapter I: Free-radical Photopolymerizations the final properties of the polymer system and the reactivity of monomer are the commercial concerns for the formulation development, so the monomers for free-radical photopolymerizations will be discussed in this part.

1. (Meth)acrylate Systems

Methacrylate and acrylate monomers are by far most extensively utilized for free-radical photopolymerizations. The generalized structures of acrylates and corresponding polymers are

given in Scheme 8. The fast reaction rates of which make them especially amenable for high speed processing needed in the industries of film and coating. Methacrylate monomer can be easily tailored by the using of the ester linkage, the resultant structures with the desired chemical, mechanical, and optical properties are popular to be applied in a variety of However, the shrinkage of bulk volume is an inevitable problem for the resulting polymer network caused by the formation of covalent bonds between monomer molecules when employs acrylates as monomers for the free-radical photopolymerizations [28].

2. Unsaturated polyester systems

Unsaturated polyesters can provide excellent mechanical and chemical properties and weather resistance. Relative to the other thermoplastic resins, further advantages of unsaturated

PART I

Chapter I: Free-radical Photopolymerizations polyester resins involve that they are low cost, can be pigmented, can be easily filled and are easy to handle in a liquid form. Hence, coating field heavily relies on these resin formulations containing unsaturated polyesters and styrene [29].

Scheme 9 A generalized reaction for an unsaturated polyester system [1 a].

Upon irradiation, the free-radical active center attacks the C=C double bond in both unsaturated polyester and styrene, then the cross-linked network would be formed by copolymerization reaction. Scheme 9 describes a generalized reaction for an unsaturated polyester system, while the polymerization rates of these systems are much slower than the acrylate systems.

3. Thiol-ene systems

Systems that combine thiols with ene comonomers following the mechanism of free-radical step-growth to form polymers, were first considered in the 1970s [26 e, i]. These systems are favored by many research groups for the reason that they are less sensitive to oxygen that severely impacts the polymerization efficiency of acrylates. Moreover, the systems require little or no photoinitiator for a formulation, so that meet the requirements of less toxic, cost and higher purity. The thiol functions perform as a photoinitiator by producing a thiyl and a hydrogen radical pair via a sulfur-hydrogen bond cleavage when exposed to light. Furthermore, these systems reduce the degree of volume shrinkage as most of the double-bond conversion occurs in the liquid state, where these systems establish an infinite network (gel point) later in the reaction, thereby, higher conversions would be obtained.

However, the unpleasant odor is an inevitable problem for the using of thiols of low molecular weight, so acrylates became the monomer of choice for industrial implementation. 

Renewable monomers and oligomers

The Effect of Oxygen Inhibition

In general, if a free-radical polymerization reaction of (meth)acrylic monomer takes place under air, it would lead to a sticky surface on the curing product. Whereas, if the reaction takes place in an inert atmosphere, the good curing product would be achieved instead (see Scheme 10). Because at the place where is very close to the surface, the diffusion rate of the oxygen into the sample is much faster than the rate of consumption. Herein, the phenomenon of sticky surface is related to oxygen inhibition [33 a-b], it is also the one of well-known disadvantages of free-radical photopolymerization, especially in thin-film and coating applications where oxygen diffusion results in incomplete conversion on the surface and longer curing time. 

R•(RMn•) + O2 → R-O2•(RMn-O2•) (18) 
Oxygen can be considered as a biradical in its electronic ground state, it would form a much less reactive peroxyl radicals when reacts with a free-radical active center (i.e. initiating and propagating radicals) (reaction 18), so that the generation of active radicals and further polymerization reaction would be hindered. Furthermore, both excited triplet states of PI and PS are liable to be quenched by oxygen (reaction 17) [33 c]. Hence, oxygen effectively acts as a chain terminator to terminate the reaction and reduce the rate of polymerization until oxygen being completely consumed in the system. The other more detailed diagram Scheme 11

illustrates the inhibitory effect of oxygen on every stage of polymerization in the presence of type I and type II photoinitiators, respectively.

Scheme 11 Inhibitory effects of oxygen molecules on free-radical polymerization using type I (upper) and type II initiator systems (down) [34].

In industrial production, decreasing the oxygen inhibition effect can be implemented through a physical method. Operating the reactions in an inert gas, such as nitrogen or carbon dioxide, is a preferred measure to isolate oxygen. Moreover, liquid wax or shielding film is also possible to prevent oxygen from entering the system.

Scheme 12

The anti-oxygen inhibition mechanism of tertiary amines [4].

To some extend, these physical measures are effective, but considering that the cost is too high in large-scale production, so that restricts their further application, thereby, the other chemical approaches have to be taken into consideration. The chemical methods involve the using of dye sensitizers, antioxidants or oxygen scavengers to capture oxygen and prevent it reacting with the propagating chains. In addition, increasing the dosage of the photoinitiators or raising the irradiation intensity can also produce a larger number of active centers to eliminate or reduce the oxygen inhibition. This strategy is especially feasible in thin samples, while it might be more complicated in thick samples. Among those oxygen scavengers, it is noteworthy that tertiary amines not only can be applied as co-initiators to improve the final conversion of monomers, but also it can contribute to decrease the adverse effect of oxygen inhibition in free-radical photopolymerizations. The anti-oxygen inhibition mechanism of tertiary amines is shown in Scheme 12.
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Reaction Mechanisms

Photocurable materials that form through the free-radical mechanism undergo chain-growth polymerization, whose reaction mechanisms must take into account four basic steps: initiation (in which PI/PIS creates free-radical active centers), chain propagation (in which free-radical active centers grow into polymer chains), chain termination (in which active centers and chain growth are destroyed and terminated), and chain transfer (in which growing chain is ended and another is started). The first three steps are depicted in the scheme below (reactions 16-18),

where M represents a monomer, R• are the radicals that form upon interaction with radiation during initiation.

Initiation:

PI + hv → R• (19 a) R• + M → RM• ( 19 b) 
Propagation: Contrary to the other modes of termination, the appearance of a newly created radical is accompanied by the destruction of a radical in the step of chain transfer. Often, however, this newly coming radical is not capable of further propagation. All chain transfer mechanisms involve the abstraction of a hydrogen atom (from a solvent molecule or a monomer or another polymer chain) or other atom (from initiator). The most obvious effect of chain transfer is reflected in the decrease of the polymer chain length. Rudin et al. [35] put forward that if a polymer formed only with chain lengths of 2-5 repeating units would be ascribed to the chain transfer rate that is much faster than the rate of propagation.

RM• + Mn → RMn+1• (20) 

The Characteristics of Hybrid Photopolymerizations

Hybrid resin systems contain two functional groups polymerized by independent reaction mechanisms-one that photopolymerizes by a free-radical active center (e.g. acrylates) and the other by a cationic active center (e.g. epoxide). The two functional groups in one formulation may either as separate monomers or as one monomer with both functionalities. In the case of a formulation containing separate monomers, entangled chains or interpenetrating networks would be produced. While if the functional groups are on the same molecule, the cross-linked structures would be formed eventually as the polymer chains can be connected via either 

Scheme 2

The development of the sequential stages of the free radical/cationic hybrid system.

The one-step concomitant radical/cationic photopolymerization employed in this work is initiated by a formulation containing separate monomers that yields a simultaneous polymerization in which the cationic monomer polymerizes slower than the free-radical monomer [3]. This particular characteristic creates a natural sequencing to the reaction and weakens the disadvantages found in either homopolymerization [7][8][9]. Scheme 2 illustrates that this sequential, stage-curable hybrid photopolymerizations generally is constituted of three stages, stage 1 represents a viscous liquid, stage 2 corresponds to a moldable putty, and stage 3

is the resulting cured polymer [10][11].

The unreacted monomer mixture in stage 1 is a relatively low viscosity liquid, at this time, either a free-radical photopolymerization (e.g. acrylate/epoxide systems) or a cationic photopolymerization (e.g. most vinyl ether/acrylate hybrid systems) may be the driving force that conducts stage 1 to convert into stage 2. During the transition, either polymerization reactions leads to a marked change in the physical properties of the system which transforms from a relatively low viscosity liquid into a high viscosity shapeable putty (sometimes free-standing). In stage 2, the other polymerization (free radical or cationic, opposite that of the first stage) transforms the high viscosity shapeable putty into a solid rigid polymer as presented in stage 3.

Methods of Synthesis

The term "dual-type photoinitiating systems" are distinguished from either type I or type II photoinitiators. The dual-type means a PIS containing both radical and cationic photoinitiators that can initiate free-radical and cationic photopolymerizations, respectively [12]. Accordingly, the dual-type PIS can be utilized for hybrid photopolymerizations as the active free-radicals and cations are presented simultaneously [13].

Some organic dyes [14], such as eosin Y, methylene blue, rose bengal, camphorquinone [15], 5,12-dihydroquinoxalino[2,3-b]quinoxaline, 5,12-dihydroquinoxalino [2,3-b]pyridopyrazine [16] and some transition metal compounds, such as Ru(bpy)3 2+ [17], Ru(phenanthroline)3 2+ [18] and Ir(ligand)3 [19] have been proved to be efficient visible-light photoinitiators or photosensitizers in the radical/cationic hybrid photopolymerizations in the presence of onium salt, because of their broad absorption in the visible-light region and high photoinitiation efficiency.

Many new organic photosensitizers or photoinitiators with excellent photoinitiation efficiency have been synthesized in recent years, such as 9,10-bis-[(triisopropylsilyl)ethynyl]anthracene [20], truxene and tris(aza)pentacene derivatives [21], and thioxanthone derivatives, which have demonstrated that also can be introduced into dual-type PISs for radical/cationic hybrid photopolymerizations.

Scheme 3 Absorbance changes with visible light and UV light of diethoxy-azobis-(pyridinium) and its radical and cationic polymerization mechanism [22].

Durmaz et al. [22] proposed a one-component dual-type photoinitiators diethoxy-azobis-(pyridinium) characteristic of a photoisomerization nature with two spectral absorption located at 459 and 360 nm. Whose excited trans-form is capable of producing free radical and cationic species for corresponding polymerization reactions, respectively, however, the cis-form is less efficient. Scheme 3 detailed depicts the photoisomerism and initiating mechanism of diethoxyazobis(pyridinium).

Chapter Ⅲ: Fluorescent Brighteners

Introduction

First have a quick glance at the information on light, an electromagnetic energy that is produced in different wavelengths. Light of a specific wavelength is perceived by our eyes as a certain color. As shown in Scheme 1, light at 400 nm is visible to our eyes as a purple color.

And yellow light is around 600 nm. Notice that ultraviolet is merely violet light that is just beyond the limits of our eyes. and emitting visible blue light (420-470 nm) by fluorescence [2] (as shown in Schemes 2 and3). However, they cease to glow immediately when the radiation source stops, unlike phosphorescence, where it continues to emit light for some time after. Fluorescence is a form of luminescence that is a short-lived period of light emission by a fluorophore, while phosphorescence is a long-lived period of light emission by a phosphor [3]. In most cases, the emitted light by a fluorophore has a longer wavelength, therefore has lower energy than the absorbed radiation, while the difference in energy is transformed into kinetic energy. 
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Mechanism of Fluorescence Emission

① Absorption of UV light:

The electrons may be raised to a higher energy and vibrational excited state from the ground electronic state as the brighteners absorb UV light, a process that may only take a quadrillionth of a second (a time period commonly referred to as a femtosecond, 10 -15 seconds). The vibrational states (i.e. the smaller energy levels within each electronic energy level) also usually change because the internuclear distance must remain the same during this electronic transition (according to the Frank-Condon principle).

② Radiationless energy transfer:

The brighteners then relax to a lower vibrational state within the excited electronic state, often mediated by a collision or vibrational/rotational motion within the molecule. No electromagnetic radiation is emitted as energy is given off via some kinetic motion.

③ Emission of visible light:
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In fluorescence, during an interval of approximately a trillionth of a second (a picosecond or 10 -12 seconds), the excited electrons may lose some vibrational energy to the surrounding environment and return to what is called the lowest excited singlet state. From the lowest excited singlet state, the electrons of the brighteners are then able to "relax" back to the ground state with simultaneous emission of fluorescent light as illustrated in the diagram to the left.

The emitted light is always of longer wavelength and of less energetic than the excitation light (Stokes Law). And if the exciting radiation is halted, the fluorescence ceases.

Occasionally the excited electrons, instead of relaxing to the lowest singlet state through vibrational interactions, make a forbidden transition to the exited triplet state and then to the ground state in a process where the emission of radiation may be considerably delayed-up to several seconds or more. This phenomenon is characteristic of phosphorescence, as shown in the diagram to the middle. In some instances, the excited electrons may go from the triplet state back to the lowest excited singlet state and then return to the ground state, subsequently emitting fluorescent light. This action takes a little longer (about a microsecond or two) than usual fluorescence and is called delayed fluorescence (the diagram to the right).

History of Fluorescent Brighteners

Textile material (cotton, wool, linen and silk) and synthetic (mainly polyamide, polyester and polyacrylonitrile) are not completely white and effort have been made since ancient time to free from this yellowish tings. Bleaching in the sun, bluing and mater chemical bleaching of textile and other materials increased the brightness of the products and eliminated to a certain hue or the local impurity of the original or industrially treated material.

When fluorescent brighteners first came up they regarded as bleaching auxiliaries which enable short or milder bleach when used in very small quantities (approx 0.001-0.05%) they were also called as optical bleaching agents it could be improved with the help of horse chestnut extra acts. This is due to fact the inner back of the horse chestnut contains aesculin or esculinic acid, a glucoside which is derivative of coumarin and which has ultraviolet fluorescent.

Then came the introduction of organic products based on diaminostilbene sulphonic acid derivatives.

Features of Fluorescent Brighteners

Following features of fluorescent brighteners make them unique and productive in many respects:

 Highly detectable (some even below 1 part per trillion) Besides, brighteners can also be "quenched". Too much use of brightener will often cause a greening effect as emissions start to show above the blue region in the visible spectrum.



Classifications of Fluorescent Brighteners

The classifications of fluorescent brighteners can be either on their method of applications or on their chemical structures.

1

Based on their applications, they can be classified into two large groups,
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1
As one type of functional dyes with advantages of low cost and low toxicity, fluorescent brighteners are primarily applied to make chemically bleached products such as fiber, paper, pulp and plastic. Especially for the high brightness paper, which exhibits strongly fluorescent appearance under UV illumination. For the reason that a white surface treated with a fluorescent brightener can emit more visible light than that which shines on it, thus making it appear brighter. The blue light emitted by the brightener compensates for the diminishing blue of the treated material and changes the hue away from yellow or brown and toward white.

Scheme 6

The effect of fluorescent brighteners on the plastic appearance.

Herein, synthetics and plastics accounted for an additional 5% of total use [3]. Fluorescent brighteners are typically incorporated into fabrics and plastics via dying during manufacture to "enhance aesthetics and consumer appeal". Once incorporated, these brighteners improve coloration and also disguise fading (see Scheme 6).

Scheme 7

The effect of fluorescent brighteners on the textile appearance.
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Chapter Ⅲ: Fluorescent Brighteners A wide range of colored fabrics that can be treated to appear brighter. Optimally, each fabric and shade is treated with the fluorescent brightener that will best enhance the original fabric's hue or base dye, making it more vibrant (see Scheme 7). For example, some brighteners give off highly fluorescent greenish-yellow shades and would be appropriate for green fabrics.

For a fluorescent brighteners to be considered particularly effective and useful for use in textiles, it must possess the following three characteristics:  Fluorescent emission in the desired range (i.e. they give off the correct color);

 Fastness to washing, perspiration, and sunlight (i.e. they last long because they bond or adhere well to the base material);  Nonhazardous properties (i.e. humans can be safely exposed to them).

2

The usage of fluorescent brighteners can also be found in cosmetics. One application is to wash and adjust the grey or blonde hair as a form of additive in the formulation, where the brightener can not only improve the luminance of the hair, but also can correct yellowish discoloration without darkening the hair.

3

As the growing awareness of the negative effects of the UV-radiation on human health, an increasing number of manufactures have incorporated UV protective agents in various media, where fluorescent brighteners are commonly used to increase their apparent whiteness and to improve the UV-blocking properties of the medium against UV-A and UV-B radiation [5][6].

4

During past decades, fluorescent brighteners have also been reported that are applicable in diverse fields including biological staining [7], light emitting diodes [8], photoinduced electron transfer sensors [9], fluorescent switchers [10] chemosensors [11][12] and polyurethane fluorescent brightener dispersions [13].
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During the past decades, researches in the field of free-radical photopolymerizations (FRP) proposed many photoinitiators (PI) and photoinitiating systems (PIS) that not only exhibit strong visible-light absorption ability, but also work efficiently under LED exposure (for a review see ref. [1] and examples in refs. [2][3][4][5][6][7]).

However, for the considerations of cost and solvent pollution, considerable efforts are still needed to look for some new photoinitiators or photoinitiating systems that have a strong absorbance in the LED emission spectral region, the most tricky point is that can be used directly to initiate polymerizations under irradiation without any structural modification or chemical synthesis. In fact, a number of commercially available substances can work as the effective PI or PS in various polymerization reactions, while whose potentiality has not been realized yet, therefore, it is of significant crucial to make the most use of these products towards the development of green photo-curing technology.

Among them, these with intrinsic fluorescence-emitting capability and, in essence, with different initiating mechanism relative to the traditional photosensitizers, i.e. dyes, are still less researched in the photopolymerization field. Thus, two most common structures, triazinylstilbene and 2,5-bis(5-tert-butyl-benzoxazol-2-yl)thiophene with traits of low cost and low toxicity are the prime target compounds in this part.

So far, no extended studies upon their photoinitiation abilities in the photopolymerization processes under visible-light LED exposure have been undertaken. At first, the first chapter will make a thorough investigation upon (i) the light absorption properties, (ii) the photochemical reactivities and (iii) the photoinitiation abilities. The second chapter will discuss the photolysis kinetics for these brighteners, in order to further determine their photoinitiation mechanisms.
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Chapter I: Fluorescent Brighteners Based on Triazine-stilbene and Benzoxazole as Photoinitiators for Free-radical Photopolymerizations equal to 43640 M -1 cm -1 . It is worthwhile to note that the absorption band displayed a vibronic structure. These absorption spectrum is consistent with previous result since the absorption maxima of TFB had been reported between 346 and 350 nm in aqueous solution (although with differently substituted triazinyl moieties) [23]. Fourati et al. [24] reported that BBT absorbed at 371 nm in acetonitrile which is in line with our work. Additionally, absorptions centered in the LED emission spectral range (380-450 nm -see the emission spectrum in Figure 2) are quite high, e.g. ε 400 nm ≈ 1340 M -1 cm -1 and ε 400 nm ≈ 13000 M -1 cm -1 , for TFB and BBT respectively. Next part, an assessment for the photochemical reactivity of two brighteners, TFB and BBT, in combination with IOD, respectively, evidence for an electron transfer reaction between the brighteners and IOD will also be given.

Photochemical Reactivities

The electrochemical and photochemical parameters characterizing the reactivity of the
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Chapter I: Fluorescent Brighteners Based on Triazine-stilbene and Benzoxazole as Photoinitiators for Free-radical Photopolymerizations brighteners are summarized in Table 1. Fluorescence quantum yields (Φfluo) were measured in nitrogen saturated acetonitrile solution using anthracene as a reference (Φfluo = 0.27 in acetonitrile). The Φfluo of TFB (0.65) is relatively lower than BBT (0.79), which could be attributed to the configurational equilibrium of the stilbene moiety upon irradiation, from the E-isomer (that possesses fluorescent properties) to the Z-isomer (that does not) [8b, 23, 25]. Effectively, steady-tate photolysis of brighteners/IOD combinations (provided in Figure 5)

Brighteners → Brighteners * (hν) (1) 
Brighteners * + Ph2I + X -→Brighteners •+ + Ph2I • (2) 
Ph2I • → PhI + Ph • (3)

The experimental data gathered in

shows a bleaching of the ground state absorption band with the irradiation time, which demonstrates an interaction between the two components. However, a less effective bleaching was observed for BBT/IOD compared to TFB/IOD. Secondly, a very efficient fluorescence quenching of the excited singlet state of brighteners in the presence of IOD is found (both interaction rate constants: kq > 10 9 M -1 s -1 , indicating that the process is probably diffusion-controlled (see Figure 6). For BBT, assuming a lifetime of 1.7 ns (see Fourati et al. [24]) for the singlet state, a kq equal to 2.9×10 10 is found. At last, the 1 TFB/IOD electron transfer quantum yield ΦeT (0.88) is higher than that of 1 BBT/IOD (0.69) [5], both ensure efficient interactions between their singlet states and IOD. The photochemical reactivity of the brighteners/IOD sytems strongly suggests their potential use as PISs under visible light exposure (i.e LED@420 nm light excitation). Then, in the forth part, visible-light-induced photopolymerization of acrylates under air at 420 nm will be demonstrated. No FRP occurs using IOD or brightener alone (see Table 2). However, the brighteners/IOD systems are able to initiate the polymerization of the Ebecryl 605/TMPTA blend (70%/30%,

(ΦeT = kqτ0[IOD]/(1+kqτ0[IOD]); 1 [IOD]=4.7×10 -2 M)

Photoinitiation Abilities
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The comparison of the two brighteners demonstrates that the best polymerization process is found for the TFB/IOD (1 %/1 %, w/w) PIS, which allows a final conversion (FC) of ≈ 42 % after 600 s of light irradiation and an excellent polymerization rate (Rp = 0.69). TMPTA and Ebecryl605 are multifunctional monomers and the conversion that is mentioned does not correspond to the monomer conversion but to the conversion of the polymerizable acrylate functions. For example, converting ≈ 50 % of these functions corresponds already to a higher monomer conversion (order of magnitude: 75 % for a difunctional monomer and 87.5% for a trifunctional one).

BBT/IOD, as a PIS, is less efficient than TFB/IOD, that is, an induction period of ≈ 60 s is observed due to its relatively lower photoinitiation ability corresponding to a lower ΦeT, reaching a FC equal to ≈ 28 % after the same time exposure with a concentration of 1 wt%/3wt % and a much lower polymerization rate (only 0.08). Under the same conditions and using well-known commercial photoinitiators -Irgacure 369 and 819 (1% w/w) -lead to a FC ≈ 35 % and ≈ 38 % respectively. For both initiators, evolution of the double-bond content is less efficient than the TFB/IOD two-component system, illustrating that TFB/IOD combination has a better polymerization initiating ability. This may be partly explained by the reactivity of brighteners •+ that results in the observed differences between the different brightener/IOD combinations as PISs. This is also correlated to the ΦeT (better for TFB than BBT for reaction (2)) and the rate of bleaching (Figure 5) also in agreement with the photoinitiation ability of these brighteners/IOD PISs.

However, the brighteners-based PISs employed here hardly initiate the FRP of a non-viscous In addition, the final conversion of acrylates initiated by these brighteners-based initiating systems under air, especially for the one containing stilbene moiety, demonstrates that the brightener-initiated photopolymerization is able to overcome oxygen inhibition even upon irradiation with low LED light intensity. However, the derivative of triazine-stilbene possesses the more efficient interaction between its singlet state and IOD compared with that of the derivative of benzoxazole, thereby, the photoinitiating system based on triazinylstilbene can result in a higher conversion of acrylates under the same experimental conditions.
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Chapter Ⅱ: Photolysis Kinetics of Fluorescent Brighteners [TFB] = 0.36 mM.

Figure 1 shows the 1 H NMR spectrum of the photolysis of TFB with the increase of irradiation time. Prior to irradiating at LED@420 nm, the singlet at 7.98 ppm is assigned to the proton i in the structure of TFB, i.e. the trans-vinylene proton, as the highly symmetric structure of TFB leads to a singlet for the vinylene proton instead of a doublet in the spectrum [30]. The peaks of the closest protons to the central vinylic bond, i. 3.74, 4.74 and 4.91 ppm can be attributed to the protons k, j, m and l, respectively. It should be emphasized that, however, these protons remain unchanged over the whole period of LED irradiation.

Table 1 The concentrations of trans-vinylene proton and generation of cis-vinylene proton are calculated from the integration of 1 H NMR spectrum, relative to the trans peak at 7.98 ppm.

Irradiation time (min) 0 10 20 30

The generation of cis-vinylene (%) 0 37.9 53.8 58.8

Remarkably, focusing on the spectrum of 10 minutes of irradiation, a proton at position 7.04 ppm can be obviously observed, belonging to the cis-TFB [33][34]. The intensity of the peaks 

4.Conclusion

These data collectively suggest that the irreversible trans-cis photoisomerization is an unavoidable process for the degradation mechanism of triazinylstibene derivatives, similar to that of stilbene derivatives. Specifically, the decreased intensity of the peaks corresponding to the protons in and near the stilbene moiety, as well as the new peaks close to the protons of aniline moiety are typical of the photodegradation process of the investigated TFB.

Whereas, photoisomerization would not take place in the benzoxazole derivative that does not involve stilbene moiety, which also conceivably accounts for the higher fluorescence quantum yield of BBT.

PART Ⅱ

In Part Ⅱ, we have reported the LED-triggered polymerization of acrylate-based monomers using the combination of the certain optical brighteners and diaryliodonium salts was efficient even under air and under low intensity visible-light irradiation. As this class of materials can exhibit interesting properties (water solubility, low toxicity, luminescence…)

depending on the brightener structure, a detailed study is necessary to show the potential applications of brighteners for the other photopolymerization processes.

In parallel of the use of LED as eco-friendly irradiation devices, water has long been adopted as a viable solvent in chemical reactions for energetically and economically addressing the problem of organic solvent pollution [1][2][3][4]. The key features for the use of water include easy handling and control of the reaction but also a decrease of the cost of production process compared to the alternative methods (solution, bulk) [2][3][4][5][6][7].

In the field of industrial, the polymer dispersion products prepared by waterborne heterogeneous polymerizations are commonly used as vehicle or recovered as dry resin [8]. In addition, through polymerization in water, hydrogels can be prepared. From a synthetic perspective, hydrogels have been prepared by several elegant irradiation-induced polymerization strategies among which one can cite reactions that rely on ionizing radiations [9][10], ultraviolet- [11][12][13], X-ray- [14] or microwave irradiations [15]. Although these strategies have met with success, specific and costly irradiation sources as well as harsh reaction conditions could be an issue.

Based on these, in a quest for broadening the application of fluorescent brighteners in the field of photopolymerizations, hence, we turned our attention to aqueous photopolymerization triggered by LED-irradiation. The photoinitiation performances of brighteners with the incorporation of IOD in water-based formulations based on mono-and multi-functional acrylates, as well as the characterization of hydrogels are also given in this part. Furthermore, three new fluorophore derivatives are introduced into this part, they are the derivatives of coumarin, triazinylstilbene and stilbene-biphenyl, respectively.

PART Ⅲ 1.Introduction

The parent coumarin (2-oxo-2H-chromene) without any substituent group exhibits few fluorescence, while an intense fluorescence could be obtained by properly substituing this chemical moiety. So, the obtained coumarin derivatives have a wide applications in different branches of chemistry, biology, medicine and physics [16][17]. Wherein the laser dye 7-diethylamino-4-methylcoumarin (C l) is a typical representative that is widely used in fluorescence probes, sensors and switches and enantioselective sensing [18][19][20].

CBUS-450 is one important class of 4,4'-bis-(triazinylamino)stilbene-2,2'-disulfonate, so does TFB, both are water-soluble compounds because of the sulfonate moiety. Many such compounds are distinguished by good fastness to light and washing and a high degree of brightening power [21][22][23][24][25].

Disulfonated stilbene-biphenyl derivatives (CBS X) also dominate the market for fluorescent whitening agents that are popular in paper, textiles, and detergents [26].

2.Aqueous Photopolymerization of Multi-functional Acrylate 
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In this work, we report that a library of commercially available optical brighteners, the structure of which could be tailored to match specific physicochemical properties (Scheme 1).

They could be classified into three structural types: triazine-stilbene based (TFB, CBUS 450 and CBS X), coumarine-based (C1) and 2,5-bis(benzoxazolyl)thiophene-based (BBT). contents : TFB/IOD (0.5%/1%, w/w) (); CBUS 450/IOD (2%/2%, w/w) (); C1/IOD (0.5%/1%, w/w) (); CBS X/IOD () (0.5%/1%, w/w); BBT/IOD () (1%/2%, w/w). Black vertical dash line indicates when monomers/water phase separation occurs (~10 wt% water content) only for TFB/IOD (0.5%/1%, w/w) () and CBUS 450/IOD (2%/2%, w/w) () PISs.

We started our investigations by studying the visible-light triggered photopolymerization of

PART Ⅲ

Ebecryl 605 (a blend of Ebecryl 600 and tripropyleneglycoldiacrylate). The water-content of the reaction medium was systematically evaluated from 0 to 30 %. The results of the final acrylate conversion (FC) and rate of polymerization (Rp) of Ebecryl 605 obtained after 600 s of LED@420 nm irradiation under air, in the presence of various PISs and as a function of water content are reported in Figure 1. The corresponding data are given in Table 1.

It can be seen that substitution of a certain content of acrylate based monomer with water plays a significant role in both FC and Rp of the polymerizable acrylate/water formulations initiated by TFB-and CBUS 450-based PISs (Figure 1 (a)). It is worth noting that TFB is a water-soluble brightener while CBUS 450 partially dissolves in water. When the water content is less than wt%, the compatibility of both acrylate and water is correct, beyond this, there is a phase A mild increase in FC is observed for CBS X-and BBT-based PISs caused by the addition of water, respectively. Whereas, for the C1-based PIS, water does not seem to have a drastic effect on its polymerization initiating ability. However, as a result of their relatively hydrophobic nature, phase separation between acrylate monomer and water takes place as soon as water is added to the formulation.

Regarding the results reported in Figure 1 (a), CBUS 450 based PIS yields a maximal FC ( 63%) only for a 10 wt% water content formulation, at higher water percentage, the FC drops down but remains around 50% which is a quite good value for multifunctional acrylate polymerization. The best FC (~49%) induced by BBT based PIS is also from a formulation with a 10 wt% water content, subsequently, a moderate decline in FC value is observed for the formulation with higher water content. While for the others, TFB, C1 and CBS X based PISs, FC value is found to raise as the water content increases up to 20 wt%. Beyond this value, the conversion tends to decrease but still remains higher than that of the formulation without water, except the fact that a FC equal to ~43% is obtained from 30 wt% water-based formulation with TFB/IOD PIS, which is slightly lower than the pristine FC (~47%). Overall, among these PISs, the FC maxima of about 62% and 63% are found for the TFB/IOD and CBUS 450/IOD systems, respectively. Furthermore, in Figure 1 (b), for the TFB/IOD PIS, the Rp values of mixtures with less than 30 wt% water exhibit a considerable increase in contrast with that of mixture without water, from ~0.74 to ~1.74 (10 wt% water) and ~4.26 (20 wt% water). In the presence of water, the
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Rp values initiated by CBUS 450/IOD PIS fluctuate between ~1.24 and ~1.45, much higher than ~0.52 (without water). However, for the other PISs, the addition of water appears to show no appreciable influence on the Rp of the polymerizable acrylate functions. There is only a minor increment observed for CBS X/IOD PIS in a 20 wt% water-content formulation, that is, 1.68 vs. ~1.13 (without water). Experimental (-----), simulated (-----).

In part Ⅱ, we have showed that phenyl radical was generated after photoexcitation of the

(b) (c) (a) 
PART Ⅲ binary chemical system optical brightener (OB)/IOD where OB stands for TFB and BBT (in 2 sums up all the ESR-ST data for the five optical brighteners in the present study.

As an evidence, one can see that for all the OB photoinitiators phenyl radicals are produced through light irradiation.

Brightener (h) + Ar2I + → (Brightener)

•+ + Ar • + ArI (1)
These results indicate that the type of brighteners (hydrophilic or hydrophobic) has a major effect on the efficiency of photopolymerization. The differences in initiation efficiency for the different PISs should be primarily ascribed to the electron-donating ability of various photoreductants, i.e. OB. Subsequently, the highly active and relatively hydrophobic radical, Ph• (or Ar•), would be produced after the photoreduction of IOD (reaction 1), which is expected to be a water-compatible ionic photoinitiator [3][4]. It is therefore expected that the resulting phenyl radical would be transferred to the acrylate monomer rich hydrophobic phase for chain initiation. When monomer/water undergoes phase separation, the fact that hydrophobic C1, CBS X and BBT brighteners tend to exist in the monomer phase is thought to decrease the possibility of contact with IOD, so less phenyl radicals would be produced. Quite logically, in the case of two-component PISs containing relatively hydrophilic brighteners (i.e.

TFB and CBUS 450), a remarkable improvement in the polymerization of acrylate in the presence of water is observed owing to the improved compatibility. Additionally, the presence of water is beneficial since it lowers the viscosity of the formulations, which would help the solubility of initiators and promote acrylate photopolymerization. In order to extend the scope of photopolymerization in the water-acrylate medium, a monofunctional hydrophilic monomer, 2-hydroxyethyl acrylate (HEA) has been used. Table 3 Final conversion of vinylic bond of HEA in the presence of different PISs obtained from photolysis kinetics varies from 0-to 60-min irradiation and 60-min of LED exposure directly. 
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conversion drops from ~86% to ~72%. Non-negligible role of dark polymerization (also called post-polymerization) of (vinyl) acrylic monomers in solution shall be taken into account. That is, stopping the irradiation would not result in a quick cessation of radical polymerization due to the generation of reactive macro-radicals. This process is helpful to reduce the processing times and lower the using of initiator concentrations [27]. Increasing the volume ratio of HEA/D2O from 1:5 to 2:1 results in an improvement in the monomer conversion after any irradiation time. Beyond 2:1, the monomer conversion decreases.

At this optimal ratio (HEA/D2O, 2:1), conversion of vinyl bond is close to the corresponding one in Figure 3 (a). However, considering the volume ratio of HEA/D2O (1:1), the evolution of vinyl bond in the acrylate/water blend without d-DMSO shows a significant reduction in that with the presence of The final conversion is only ~70% for the former one while the other reaches ~86%. This evidence confirms the significance of d-DMSO, because the solubilities between hydrophilic and lipophilic brighteners in aqueous solution influence their photoinitiation performance with the incorporation of IOD.

For another, we have shown that we can easily prepare hydrogels via the visible light photopolymerization of acrylates in water, whose excellent swelling capacity has been determined. These delightful achievements can be ascribed to the unique reactivity of an initiating system containing optical brighteners (the physicochemical properties of which being adjustable) and a diphenyliodonium salt. The visible light triggered photoreduction of the latter generates the highly reactive phenyl radical even under mild and aqueous conditions.

Moreover, relative to the hydrophobic fluorophore derivatives (i.e.,benzoxazole, coumarin, and stilbene-biphenyl), the triazine-stilbene based brighteners provides the possibility of using as the most desired photoinitiator on the serving of synthesis of tack free waterborne coating and hydrogel upon soft light.

Remarkably, the work in this part opens new perspectives for the generation of radicals in water using inexpensive and easy to setup reaction conditions.

In last two parts, we have confirmed the enormous potential for these inexpensive and accessible fluorescent brighteners as radical photoinitiators, the feasible fluorophore derivatives include triazine-stilbene, benzoxazole, coumarin and stilbene-biphenyl. They are able to initiate various acrylates (mono-or multi-functional) combined with diaryliodonium salts even under low intensity visible light irradiation, successfully overcome the irradiation limitation specific to LED lamps.

In terms of the development of light activated polymerization methods, which is still a matter of importance for a host of applications, ranging from 3D printing, dentistry, computer hardware production to decorative and protective coatings of products [1][2][3][4][5][6][7][8][9]. Therefore, this part The second chapter will discuss the photolysis kinetics for these brighteners, in order to determine their photoinitiation mechanisms. The main absorption spectral properties relevant to this study, i.e. wavelength at the absorption maximum (λmax) and molar extinction coefficients (ε) at λmax and λ = 420 nm are gathered in the Table 1. Considering the margin of error caused by the limited solubility of BBS, which is only sparingly soluble in high-boiling chlorinated solvents, specifically hot tetrachloroethane [27], no evaluation was made for its molar extinction coefficient here. Its ground state light absorption spectrum in DMSO, it is consistent with previous result since the absorption maximum and an absorption shoulder of BBS had been reported around 376 and 420 nm, respectively in a 4:1 ethanol/methanol matrix at 77 K [27]. Furthermore, Fourati et al. [27] reported that the absorption band of BBS displayed a vibronic structure, which is in line with our work.

For the other investigated fluorophores, the spectral absorption maxima exhibited at 373 and 347 nm are corresponding to the absorption spectra of C1 and OB 7, respectively, with ε respectively of 32530 and 34290 M -1 cm -1 . CBUS 450 has an absorption maximum at 361 nm with a ε value equal to 39010 M -1 cm -1 . The highest ε value among these fluorophores can be assigned to CBS X, reaching a value of 75800 M -1 cm -1 at 357 nm.

Turning to the spectral absorption in the visible region, C1 and OB7 have a non-negligible absorption at 420 nm compared to CBSX and CBUS450 where ε values are below 100. Other data for the CBSX and CBUS450 are displayed in Figure 3.

One can see that the first excited singlet state (S1) of the five selected OBs are efficiently quenched by IOD (both in Figure 2 and Figure 3). In the case of C 1, where the S1 excited state lifetime is reported as 3.4 ns [28], a reaction rate constant of 4.0 x 10 10 M -1 s -1 is found indicating a diffusion controlled reaction between C1 and IOD. 2 collects the electron transfer quantum yield (ΦeT) for the investigated fluorescent brighteners. While the fluorescence quenching of the excited singlet state of CBUS 450 and CBS X in the presence of IOD is too fast to get their electron transfer quantum yields.

So among the obtainable data, the ΦeT value for 1 C 1/IOD combination (0.87) is much higher than those of 1 BBS/IOD (0.44) and 1 OB 7/IOD (0.73) PISs, suggesting the most efficient interaction takes place between the singlet states of C 1, CBUS 450, CBS X and IOD, respectively, the following one is assigned to the interaction between the singlet states of OB 7

and IOD, then less efficient interaction occurs in the BBS/IOD combination. 3. There is a convincing evidence identified by this characterization method that typical of the hyperfine constant coupling (hfc) of the phenyl (Ph •) PBN spin adduct obtained from the known brighteners based PISs in our previous work [29] are in line with these in Table 3: aN = 14.3 G and aH = 2.1 G.

From the experimental results gathered through fluorescence quenching and ESR spin trapping, it is possible to propose the following chemical mechanism for the phenyl radical generation (reaction 1-3).

OB → OB * (hν) ( 1)

OB * + Ph2I + X -→ OB •+ + Ph2I • (2) Ph2I • → PhI + Ph • (3) 
Here, Ph2I + X -represents the diphenyliodonium salt, IOD.

4.Photoinitiation Ability of the studied PISs Photopolymerization profiles (acrylate function conversion vs time) of an Ebecryl 605/TMPTA blends (70%/30%, w/w) under air and in presence of BBS/IOD (2%/3%, w/w, curve 1); OB 7/IOD (1%/3%, w/w, curve 2); CBUS 450/IOD (2%/3%, w/w, curve 3); CBS X/IOD (0.2%/1%, w/w, curve 4); C 1/IOD (0.2%/2%, w/w, curve 5); Ir369 (1%, w/w, curve 6) and Ir819 (1%, w/w, curve 7).

The kinetics of photopolymerization under air of an Ebecryl 605/TMPTA blend obtained from the brighteners / IOD PISs with the optimal concentration ratio recorded during 600 s of a LED@420 nm irradiation are gathered in 4.

One may keep in mind that both Ebecryl 605 and TMPTA belong to a multifunctional monomer, the obtained conversion means the conversion of the polymerizable acrylate functions rather than the monomer conversion. For instance, 50 % of conversion for these functions corresponds to 75 % conversion of a difunctional monomer and 87.5 % conversion a trifunctional one, respectively [29][30][31].

The free radical photopolymerization of acrylates cannot be carried out in the presence of OBs or IOD alone as summarized in Table 4. Whereas, it is appreciably definite that these OBs with the incorporation of IOD are able to initiate the polymerization upon exposure to such low intensity level of light, except for BBS where no photopolymerization occurs (Figure 5, curve 1)

which is a derivative of trans-stilbene containing benzoxazole [27]. The low photoinitiation ability of the BBS/IOD PIS is correlated to its low ΦeT (0.44, in Table 2), suggesting a fairly low yield of BBS •+ (reaction 2).

From the above experimental results, one can see immediately that CBS X/IOD PIS (Figure 5, curve 4) exhibits a similar PR and a higher FC than Ir819 (Figure 5, curve 7). This later gives better results than the Ir369 (Figure 5, curve 6) under the same experimental conditions.

Also, OB 7/IOD and C 1/IOD PISs (Figure 5, curve 2 and 5 respectively) are in the same range of reactivity than Ir369.

Remarkably, OB 7 a naphthalene derivative containing benzoxazoles leads to a final conversion of ~39 % and a polymerization rate of 0.59 in combination with IOD. These polymerization data should be compared with the one gathered with BBS/IOD as PIS where almost no polymerisation is observed. The main difference between OB7 and BBS is that an anthracenic core is used as a linker between the two benzoxazolyl moieties instead of a trans-stilbene. It seems that the anthracenic core plays a fundamental role in the observed reactivity of the OB7/IOD PIS, this fact is almost confirmed by the well-known photosensitization of the iodonium cleavage by anthracenic derivatives (see Crivello's references [32]). This conclusion is supported by a greater ΦeT (0.73 vs. 0.44 for OB 7 and BBS, respectively).

In presence of the CBUS 450/IOD PIS, a FC of ~19 % and a PR of 0.05 (Figure 5, curve 5).

CBUS 450 is a derivative of sulfonated triazinylstilbenes with morpholine substituent on the triazine ring instead of diethylamine for the other derivative Fluorescent Brightener 28 [29].

However, this later is more efficient with a FC of ~42 % and a PR of ~0.7 under the experimental conditions. This result indicates that diethylamino substituent is more helpful in improving the initiating ability of triazinylstilbene/IOD combination in the of acrylates.

The polymerization profiles are much better when using C 1/IOD and CBS X/IOD PISs due to their effective photoinitiation ability, meanwhile accompanied by their pretty efficient fluorescence quenching presented in Figure 2 and Figure 3 (b). CBS X is representative of the sulfonated stilbene-biphenyl derivatives. It is worth noting that CBS X based PIS is the most efficient one that allows the highest FC (~51 %) and fastest PR (0.71) after 600 s of LED light irradiation at 420 nm. Subsequently, a FC and PR equal to ~40 % and 0.71 induced by C 1 based PIS testify again the laser dye could be used a well-performed photoinitiator, in fact, photosensitization of the iodonium cleavage by coumarin dyes has been published in the work [33][34].

To sum up, the choices of an appropriate linker between the benzoxazolyl moieties (BBS vs.

OB7) as well as the influence of the substituent on the sulfonated triazinylstilbene derivatives (CBUS 450 vs. Fluorescent brightener 28 [29]) lead to two-component PISs with even similar photopolymerization performances than the usual Ir369 type I photoiniators under the same experimental conditions. Amazingly, a more simple chemical structure such as CBS X, a biphenyl derivative, exhibits better PR and FC than all the other considered PIS.

Three-component PhotoInitiating Systems in the FRP of Acrylates

Table 5 Data for the photopolymerization under air of an Ebecryl 605/TMPTA blend (70%/30%, w/w) obtained and exposure to a LED@420 nm for the brighteners/IOD/additives PISs. 605/TMPTA blends (70%/30%, w/w) under air in the presence of the following. (a) BBS/IOD/NVK (2%/3%/2%, w/w, curve 1), BBS/IOD/EDB (2%/3%/2%, w/w, curve 2), O 7/IOD (0.5%/1%, w/w, curve 3), O 7/IOD/NVK (0.5%/1%/2%, w/w, curve 4), O 7/IOD/EDB (0.5%/1%/2%, w/w, curve 5); (b) CBUS 450/IOD/NVK (2%/3%/2%, w/w, curve 1), CBUS 450/IOD/EDB (2%/3%/2%, w/w, curve 2), CBS X/IOD (0.05%/1%, w/w, curve 3), CBS X/IOD/NVK (0.05%/1%/2%, w/w, curve 4), CBS X/IOD/EDB (0.05%/1%/2%, w/w, curve 5).

Compounds

(c) C 1/IOD (0.1%/1%, w/w, curve 1), C 1/IOD/NVK (0.1%/1%/2%, w/w, curve 2), C 1/IOD/EDB (0.1%/1%/2%, w/w, curve 3).

In order to extend the scope of brighteners-based photoinitiating systems in the photopolymerization reactions, the third additives (N-vinylcarbazole (NVK) and ethyl 4-(dimethylamino)benzoate (EDB)) are introduced to form a three-component photoinitiating system with OBs/IOD combinations. The photopolymerization profiles of Ebecryl 605/TMPTA blends initiated by these three-component PISs under the same experimental conditions are displayed in Figure 6. Table 5 sums up all the data obtained after 600 s of irradiation.

Ph • + NVK → Ph-NVK • (4) 
Ph-NVK • + Ph2I + → Ph-NVK + + Ph • + PhI ( 5)

OB •+ + EDB → OB + EDB •+ →OB + EDB(-H) • + H + (6) OB * + EDB → OB •-+ EDB •+ →OB-H • + EDB(-H) • (7) 
Upon 2 wt% addition of NVK, the increment in the FC is within the range 6-8 %, meanwhile, an increase of RP can be seen. However, for the PIS containing BBS, no polymerization is monitored (Figure 6, curve 1), suggesting BBS could not be easily oxidize by IOD, thus few reactive Ph• being produced. As revealed in the case of two-component PISs, Ph• and cation radical OB•+ act as the initiating species in FRP (see reactions 1-3) [29]. In this case, the generated Ph• from the OBs/IOD systems can be added onto NVK, Ph-NVK• is accordingly formed (reaction 4), which has been detected by ESR-ST experiment in various PIs (PSs)

/IOD/NVK solution (upon LED@385 nm), the hyperfine coupling constants of the Ph-NVK•/PBN adduct are: aN = 14.4 G and aH = 2.5 G that are the known data provided in refs [7][8][9][36][37][38]. In agreement with these results, Ph-NVK• is also identified as a favorable initiating species in our brighteners-based PISs, furthermore, the addition of NVK initiates an efficient FRP of acrylates upon LED@420 nm as the two-component brighteners-based PISs with the optimal concentration did in the part of 4.1.

Using EDB instead of NVK also helps the increase of final conversion and polymerization rate. Especially for the BBS based PIS, a FC of ~26 % is reached with a PR of 0.11, even if an induction period of ~200 s is observed due to its relatively lower photoinitiation ability (Figure 6 (a), curve 2). For the other PISs, an increment of 8-12 % in the FC is obtained. Moreover, the PR data achieved in this case are higher than those obtained from the NVK case (see in Table 5)

even if the resulting radical EDB(-H) • (reactions 6-7) is not active enough to initiate FRP, because no polymerization can be monitored when using OBs/EDB combinations. But indeed, EDB is an excellent additive that is beneficial to promote the reactivity of brighteners. The positive role of EBD in the process of FRP can be attributed to the resulting H + in reactions 6, because this active species not only can rapidly consume oxygen but also can capture the peroxyl radical, whilst, the newly formed aminoalkyl radical can reinitiate the polymerization of acrylates [39]. Thereby, a noteworthy improvement of the radical photopolymerization profile is clearly observed, especially for BBS and CBUS 450-based PISs, whose values of FC and PR are dramatically increased when employing EDB as the third additive compared with the results obtained from the OBs/IOD two-component PISs even with the optimal concentration (in Table 4). In addition, these results prove that EDB is a more efficient additive than NVK when employing OBs/IOD as two-component photoinitiating systems.

Interpenetrating Polymer Networks

Table 6 Conversion of the epoxy and acrylate functions obtained during the polymerization under air of an EPOX/Ebecryl 605 blend (50%/50%, w/w) upon exposure to LED@420 nm for the different PISs. The one-step concomitant radical/cationic photopolymerizations in the presence of two-component brighteners-based PISs with the optimal concentration (as in the part of 4.1) are carried out using LED@420 nm under air. The typical conversion-time profiles of EPOX and Ebecryl 605 are depicted in Figure 7 and the final conversions after 600 s of irradiation are summarized in Table 6.

As mentioned above (in the part of 4.1), the FRP process could not occurred using BBS/IOD as PIS. As a consequence, no interpenetrating polymer network (IPN) cannot be fabricated in this case (see Table 6). However, the other PISs ensure the formation of an IPN via this one-step hybrid curing process under the same experimental conditions.

Ph • + MH → Ph-H + M • (8) 
M • + Ph2I + → M + + PhI + Ph • (9) 
Noteworthily, all the brightener-based PISs employed in this study (Table 6) neither initiate the cationic polymerization (CP) of EPOX nor the concomitant radical/cationic polymerization of a TMPTA/EPOX blend upon LED@420 nm lamp. At first, there is no spectral overlap between the IOD absorption spectrum and the LED@420 nm emission one and at last the brightener cation radical, OB •+ (reaction 2) is easily degraded by O2 which easily diffuses in nonviscous EPOX and TMPTA [40][41] that results in the quite low polymerization initiating ability in air. Hence, using high viscous acrylate such as Ebecryl 605 lowers the consumption of phenyl radical and brightener cation radical through decreasing the oxygen diffusion, so that improving the effectiveness of the investigated PISs in the formation of IPN [39]. Based on the above experimental data, a possible reaction scheme (reactions 8-9) is proposed for the hybrid cationic/radical polymerization.

5.Conclusion

In this chapter, a class of fluorophore derivatives, namely fluorescent brighteners in combination with an iodonium salt IOD are proposed for the radical and hybrid cationic/radical photopolymerizations of acrylates and acrylates/epoxides, respectively, upon exposure to visible LED light under air. Except for BBS (i.e., a derivative of benzoxazole stilbene), the other four brighteners (i.e., the derivatives of benzoxazole-naphthalene, triazine stilbene, stilbene-biphenyl and coumarin) behaved well in both photopolymerization processes used in combination with diphenyliodonium salt. Remarkably, the interpenetrating polymer network could also be obtained from the formulations containing these four initiating systems via a one-step hybrid cure. Additionally, the improved photoinitiation ability could be found for these four systems with the incorporation of either N-vinylcarbazole NVK or ethyl 4-(dimethylamino)benzoate EDB. While the higher polymerization initiating ability of BBS-based system could only be observed in the presence of EDB.

PART Ⅳ

Chapter Ⅱ: Photolysis Kinetics of the Novel Fluorescent Brighteners Table 1 concentrations of trans-vinylene proton and generation of cis-vinylene proton are calculated from the integration of 1 H NMR spectrum, relative to the trans peak at 7.30 ppm.

Irradiation time (min) 0 10 20 30

The generation of cis-vinylene (%) 0 18.0 12.3 10.7

Remarkably, a proton at position 6.76 ppm can be obviously observed after 10 minutes of irradiation, belonging to the cis-BBS [42][43][44]. Meanwhile,the peaks of the closest protons to the central vinylic bond slightly change with the formation of the cis-isomer. However, the protons at a, b, c unchanged over the whole period of irradiation. The new peaks of the cis-TFB appear at 7.42 and 8.17 ppm, respectively. These data suggest the photoisomerization does not affect the benzoxazol termini of the molecule, but only the stilbene moiety.

Relative to the trans-isomer, by integrating the cis-isomer signal at 6.76 ppm, it is found that the integral of cis-vinylene proton rises to 18.0% after 10-min of irradiation. However, as the irradiation progresses, it gradually drops to 12.3% (20-min irradiation) and 10.7% (30-min irradiation), the data are summarized in Table 1, suggestive of the occurrence of photoisomerization before 10-min of irradiation. However, when the BBS solution is irradiated for a longer time, another process occurs, resulting in a simultaneous conversion of both isomers into a photoproduct, thereby suppressing the trans-cis photoisomerization for the BBS [42][43][44]. Figure 3 shows the spectrum of photolysis of CBUS 450 with the increase of irradiation time.

Prior to irradiation, the singlet at 8.01 ppm is assigned to the proton k in the structure of CBUS 450, i.e. the trans-vinylene proton. The peaks of the closest protons to the central vinylic bond, i.e. at positions h, i and j, located at 8. 19, 7.88 and 7.57 ppm, respectively. The peaks at 9.17 and c appear at 7.80, 7.28 and 6.95 ppm, respectively. Turning to the high-field region, the peaks at 3.67 and 3.79 ppm can be attributed to the protons e and f, respectively.

Table 2 The concentrations of trans-vinylene proton and generation of cis-vinylene proton are calculated from the integration of 1 H NMR spectrum, relative to the trans peak at 8.01 ppm.

Irradiation time (min) 0 10 20 30

The generation of cis-vinylene (%) 0 49.7 51.5 56.5

Remarkably, a proton at position 7.06 ppm can be obviously observed after 10 minutes of irradiation, belonging to the cis-CBUS 450 [42][43][44]. Meanwhile, the peak of the closest position Relative to the trans-isomer, by integrating the cis-isomer signal at 7.06 ppm, it is found that its integral rapidly rises to 49.7% after 10-min of irradiation, then gradually increases to 51.5% (20-min irradiation) and 56.5% (30-min irradiation), the data are summarized in Table 2. This evidence proves that the occurrence of photoisomerization. It seems, moreover, that the greater conversion took place before 10 minutes of irradiation. Figure 4 shows the spectrum of photolysis of CBS X with the increase of irradiation time.

Prior to irradiation, the peaks at 7.82, 7.22, 7.34 and 7.80 These data collectively suggest that the irreversible trans-cis photoisomerization is an unavoidable process for the degradation mechanism of triazine-stibene and benzoxazole-stilbene derivatives, namely, the photoisomerization leads to changes of the vinylene proton and the closest protons to the central vinylic bond. However, when the BBS solution is irradiated over 10-min, another process occurs, resulting in a simultaneous conversion of both isomers into a photoproduct, thereby suppressing the trans-cis photoisomerization for the BBS.

Whereas, photoisomerization would not take place in the fluorophore derivatives of coumarin and benzoxazole-naphthalene that do not involve stilbene moiety as well as in the fluorophore derivative of stilbene-biphenyl, which also conceivably accounts for the higher fluorescence quantum yields of these corresponding fluorescent brighteners.

PART Ⅳ

Introduction

During the past decades, strategies used for the fabrication of PNP involve solvent evaporation/extraction [5], salting-out [6], supercritical fluid technology [7], nanoprecipitation (solvent-displacement) [8] and interfacial polymerization [9].

Notably, strong efforts also have been devoted to prepare the PNP via emulsion polymerizations [10][11]. Wherein water employed as the dispersion medium is usually the preferred industrial method owning the distinctive advantages of being environmentally friendly and helping the heat dissipation during the course of polymerization. Early research on emulsion polymerization widely employs persulfate as initiator to induce reaction through heating then leading to a slow process and rather high temperature [10][11]. Thereafter, traditional UV photoinitiators were introduced to initiate the emulsion polymerizations using high-energy light irradiation units (i.e. ultraviolet sources such as high pressure mercury lamps) at room temperature [12]. Additionally, γ-and ultrasonic-radiation as other feasible polymerization methods were also developed to make the initiation occur in the absence of [13]. However, these approaches consume large quantities of energy and have long reaction time, thereby strongly impacting their applicability.

It seems, consequently, that a facile one-step method is needed to be exploited, which can not only prepare the polymeric latex nanoparticles with high solid content, but also can be a promising and ecofriendly preparation approach to address the questions of cost and high energy consumption that usually encountered in the industrial applications. Herein, the seven kinds of fluorescent brighteners we investigated in last three parts will be the prime target compounds to prepare the polymeric nanolatexes through the LED-triggered emulsion photopolymerization.

The Investigation of Two-component Photoinitiating Systems

In this work, we report that a library of commercially available optical brighteners Table 1 Final conversion of vinylic bond of MMA in the presence of different two-component PISs obtained from photolysis kinetics varies from 0-to 30-min irradiation. precipitated polymer upon LED exposure. Herein, the molecular weight of the resulting precipitation initiated by CBS X/IOD combination was characterized by SEC measurement and centered around 1167 kDa with a polydispersity index (PDI, the molecular weight distribution Mw/Mn) of 2.18. In addition, DSC analysis displays an exothermic recrystallization peak around 120 °C (Figure 4). These data clearly support that the resultant polymeric latex is of polymethyl methacrylate (PMMA), the corresponding 1H NMR spectrum is well shown in Remarkably, it is found that the vinylic bond conversion initiated by the TFB-based PIS reaches almost 100% after 30 min of a LED@420 nm irradiation, an evidence for the a complete consumption of MMA monomer. The other triazine-stilbene brightener CBUS 450 also performs well with associated to IOD in the process of LED-triggered emulsion polymerization, and reaches a monomer conversion of 84% after the same time of light exposure. The combination of IOD and stilbene biphenyl-based brightener CBS X results in a pretty efficient MMA conversion, reaching 79% after only 10 min of irradiation. The photoinitiation efficiency of the coumarin-based PIS is moderately lower than the former ones, a conversion of about 70% is achieved after 30 min of light irradiation. Subsequently, less than 45% of the monomer is converted by the PISs containing benzoxazole-based brighteners, i.e.

BBT and OB 7, indicating that these combinations have a less efficient ability of photoinitiation in the emulsion polymerization reaction. From all the above results, the combinations of IOD with the two hydrophilic brighteners (i.e. TFB and CBUS 450) and the hydrophobic CBS X appear as the most desired two-component PISs to get LED-assisted emulsion polymerization an acrylate/water blend. 3. Brighteners CBUS 450 and OB7 seem to work as one-component PISs to initiate the emulsion polymerization of MMA under the same experimental conditions. Noteworthy, the water/monomer mixture remains homogeneous throughout the whole irradiation process when the emulsion is only formulated with CBUS 450 and OB 7, respectively. Moreover, when the emulsion is only initiated by these two structures upon LED irradiation, the precipitated polymer can be conceivably collected after the reaction.

The Investigation of One-component Photoinitiating Systems

Herein, the molecular weight of the resulting precipitation initiated by CBUS 450 alone ranges around 676 kDa with a polydispersity index of 2.54 analyzed through SEC measurement. In addition, the polymeric latexes have a particle size of 582.7 nm (see in Table 2). It is clear from 93.5% and 80.6%, respectively after 180 min of LED@420 nm irradiation. Nevertheless, for IOD alone as photoinitiating system, no polymerization occurs showing the role of the brighteners, the NMR spectrum recorded during the photolysis of MMA is given in Figure 7.

OB → OB * (hν)

OB * + Ph2I + X -→ OB

•+ + Ph2I • (2) 
Ph2I • → PhI + Ph • (3) OB * + RH → [OB...RH]* → OB-H• + R• (4) 
Regarding the chemical mechanisms, phenyl radicals are generated by the photoexcitation of this binary chemical system OB / Ph2I + X -(or IOD) and can be considered as the highly reactive radical species to trigger the reaction of photopolymerization (reaction (3)) [14]. This later These results indicate that the choices of an appropriate linker between the benzoxazolyl moieties (BBT vs. BBS vs. OB7) lead to their corresponding PISs with different photoinitiation performances in the emulsion photopolymerization, particularly for OB 7, whose naphthalenic core plays a fundamental role in the observed reactivity as one-component PIS. It seems that, accordingly, the naphthalene can be the more suitable fluorophore linker between the benzoxazolyl moieties in the molecular design of photoinitiator. Amazingly, a more simple chemical structure such as CBS X, a stilbene biphenyl derivative, exhibits better photoinitiating ability than all the other considered PISs. Also, the triazine stilbene derivatives behave quite well under the same experimental conditions, especially for the one substituted by morpholine moiety on the triazine ring, which is capable of being used as one-component PIS with high

PART Ⅴ

123 efficiency as well. In this part, the different concentration of emulsifier is introduced that varies around the value of critical micelle concentration (CMC, where the reported value for SDS is in the range of 3.9 to 6.2 mM [15]) allowing a full study of the effects of surfactant concentration on the conversion of monomer and nucleation mechanism. In this case, a large amount of information in the literature put forward that the particle formation below CMC follows a homogeneous/coagulative nucleation mechanism [16]. Subsequently, increasing the [SDS] from 3.0 to 10.8 mM results in an improvement in the monomer conversion after any irradiation time, about 90% of conversion can be found after the same time light exposure. In the case of [SDS] above the CMC, micellar nucleation normally predominates the process of polymerization [16]. Furthermore, it should be emphasized that, with less or equal to 10.8 mM of SDS, the homogenous morphology of the emulsion remains very well during the polymerization. However, above this value (10.8 mM), the reaction tends to proceed in a phase-separated mixture at the early stage of polymerization.

The Investigation of Different Concentrations of Surfactant

This phase-separated polymer subsequently serves as a locus for polymerization [17]. While it is clear from Figure 4 that the higher SDS concentration yields a more efficient polymerization rate especially in the first 10-min of irradiation, concretely, about 71% ([SDS] = 12.7 mM), 82% ([SDS] = 14.4 mM) and 87% ([SDS] = 27.7 mM) of monomer conversion be obtained from only 10-min of LED exposure.

Comparing the particle size of the latexes prepared by [SDS] = 7.2 and 27.7 mM, respectively, it is found that both average size of the particles stays at nano-scale, namely, particles with a size of 51 nm can be achieved from the former concentration while the latter concentration leads to the latexes with a particle size of 77 nm (listed in Table 2).

In the past decade, most of the work on the preparation of polymeric nanoparticles was carried out by thermally induced polymerization, which normally takes place in a high temperature range and costs few hours. [15] For instance, Noteworthily, our work opens the prospect of combining emulsion polymerization with fluorescent brighteners to obtain tailor-made properties suitable for the final latex application.

We anticipate that a new portfolio of polymeric latexes could be developed in the future through introducing the commercially available fluorescent brighteners upon low intensity LED lamp, competing with conventional thermal way and UV-triggered method.

Conclusions

In this part, we report a facile one-step LED-triggered emulsion polymerization technology to successfully synthesize poly(methylmethacrylate) latex particles with a size of sub-100 nm at room temperature. The combination of LED radiation technology and brightener-based photoinitiating system extends the possibilities of the widely applied emulsion polymerization and provides advantages with respect to fast reaction rate, high solid content and more energy saving. As no other high energy consumption inducement is needed, in addition to this, few minutes of LED light irradiation is enough to get the polyacrylate latexes with about 84-96% conversion of monomer, especially for the ones initiated by triazine stilbene-based and biphenyl stilbene-base systems. This delightful achievement can be ascribed to the unique PART Ⅴ 127 photoreactivity of fluorescent brighteners, for one thing, only a small photoinitiator concentration is needed to initiate the polymerization efficiently, for another, some special structures are even able to efficiently work alone under the same experimental conditions to yield the high conversion of a monomer, namely, the triazine-stilbene structure substituted by morpholine moiety on the triazine ring and the benzoxazole-naphthalene structure.

PART Ⅴ

General Conclusions

First and foremost, an exploratory research was carried out upon two conventional fluorescent brighteners with the advantages of cheap, safe and readily available, i.e. Remarkably, the last part demonstrates a convenient one-step synthetic approach that can yield poly(methylmethacrylate) (PMMA) nanoparticles at sub-100 nm scale and with quite high resultant solid content under ambient conditions. Indeed, this pronounced achievement can be attributed to the using of commercial fluorescent brighteners as photoinitiator in the emulsion photopolymerization reactions, whose high efficient photoinitiation ability can be motivated even with a small amounts of addition. What's more, this approach breaks through the technical bottleneck in obtaining polymeric latexes especially with nano-scale via the low intensity visible-light photopolymerization method, which requires less energy consumption than UV curing and can resolve the issue of solvent pollution. Such method is characteristic of fast reaction rate and environmentally friendly, for example, the sub-100 nm polymeric nanoparticles with ~87% of solid content could be prepared by in only 4 min vs. few hours at 50-80 °C for the thermal way.

Experimental Part 1. Irradiation Source

Figure 1 Emission spectra of the LED irradiation sources (Thorlabs, M420-L3 ~40 mW.cm -2 , FWHM = 14.2 nm, M385-L2 ~270 mW power output, FWHM = 10.0 nm).

LED@420 nm (M420-L3, Thorlabs, ~40 mW.cm -2 ) and LED@385 nm (M385-L2, Thorlabs, 270 mW power output) were used for the irradiation of the photocurable samples and the ESR tubes respectively. The corresponding emission spectra are shown in Figure 1. Allnex, and were used as benchmark monomers for the free radical and cationic photopolymerizations, respectively. All the reagents and solvents were used as received without further purification.

Chemical Compounds

Preparation of PMMA

The polymerization were realized in an oil-in-water (O/W) system. In a typical procedure, 10 mL of a [SDS]=10.8 mM aqueous solution and 1 g of MMA were added to a 50 ml reactor vessel. Prior to polymerization, the reaction mixture was stirred and subjected to ultrasonication at room temperature for about 1 hr and 30-min, respectively. Polymerization was performed at room temperature under nitrogen atmosphere, by using a LED@420 nm lamp. The latex particles were cleaned by washing with methanol and water several times to remove the surfactant.

Methods

1 Computational Procedure Molecular orbital calculations were carried out with the Gaussian 03 package. The electronic absorption spectra for TFB and BBT were calculated from the time-dependent density functional theory at B3LYP/6-31G* level on the relaxed geometries calculated at UB3LYP/6-31G* level; the molecular orbitals involved in these transitions were extracted. The geometries were frequency checked.

Spin trapping is a technique developed at late 1960s where a nitrone or nitroso compound reacts with a target free radical (normally including paramagnetism species such as the unpaired electrons of free radicals) to form a stable and distinguishable free radical to be detected by Electron spin resonance (ESR) spectroscopy, A common method for spin-trapping involves the addition of radical to a nitrone spin trap resulting in the formation of a spin adduct, a nitroxide-based persistent radical, that can be detected using ESR. The spin adduct usually yields a distinctive ESR spectrum characteristic of a particular free radical that is trapped. The identity of the radical can be inferred based on the ESR spectral profile of their respective spin adducts such as the g value, but most importantly, the hyperfine-coupling constants of relevant nuclei. Unambiguous assignments of the identity of the trapped radical can often be made by using stable isotope substitution of the radicals parent compound, so that further hyperfine couplings are introduced or altered. The simplified schematic of ESR spectrometer is shown in Figure 2.

For the corresponding characterization, ESR-ST experiment was carried out using an X-Band spectrometer (MS 400 Magnettech). The radicals were generated at room temperature upon a Xe-Hg lamp exposure (λ ≥ 330 nm) under N2 and trapped by phenyl-N-tert-butylnitrone (PBN) according to a procedure described elsewhere in detail. The ESR spectra simulations were carried out using the WINSIM software.

fluorescence from a sample. It involves using a beam of light, usually ultraviolet light, that excites the electrons in molecules of certain compounds and causes them to emit light.

Molecules have various states referred to as energy levels. Fluorescence spectroscopy is primarily concerned with electronic and vibrational states. Generally, the species being examined has a ground electronic state (a low energy state) of interest, and an excited electronic state of higher energy. The simplified schematic of fluorescence spectrometer is shown in 5

Redox Potentials

Redox potentials is a measure of the tendency of a chemical species to acquire electrons and thereby be reduced. Redox potential is measured in volts (V), or millivolts (mV). Each species has its own intrinsic reduction potential; the more positive the potential, the greater the species' affinity for electrons and tendency to be reduced. Cyclic voltammetry is generally used to study the electrochemical properties of an analyte in solution. The current at the working electrode is and the epoxy group content of EPOX were continuously followed by real-time FTIR spectroscopy (JASCO FT-IR 4100) at about 1630 cm -1 and 790 cm -1 , respectively.

8 Swelling Properties A crosslinked polymer hydrogels swell but not dissolve when water or a solvent enters it. The swelling properties, which usually use degree of swelling to define hydrogels, depend on many factors such as network density, solvent nature, polymer solvent interaction parameter.

For the characterization of the swelling properties of the hydrogels we prepared through the introduction of fluorescent brighteners, the dry hydrogels were then weighed (Wd) and were allowed to hydrate in deionized water at room temperature. For a given time, the samples were taken out and the excess water on the surface was gently removed by filter paper. The weights of the hydrating samples were measured at timed intervals (Ws). The swelling ratio (SR) is calculated by the following equation 12 Size Exclusion Chromatograph Size exclusion chromatography (SEC) is a useful technique that is specifically applicable to high-molecular-weight species, such as polymer. It is a method to sort molecules according to their sizes in solution. The sample solution is injected into the column, which is filled with rigid, porous, materials, and is carried by the solvent through the packed column. The sizes of molecules are determined by the pore size of the packing particle in the column within which the separation occurs. The simplified schematic of size exclusion chromatography is shown in The stationary phase is 5-µm silica beads with pore sizes ranging from 300 to 2000 Å.

In SEC, compounds are separated primarily on the basis of hydrodynamic molecular size. If potential hydrophobic and electrostatic interactions between the column resins and analyte molecules are ignored, the average retention time then depends on the effective size of the compounds. Molecules that are larger than the pore size of the packing material are excluded and elute first at the void volume. Smaller molecules can penetrate throughout the porous infrastructure and are attenuated, corresponding to a higher retention time. Short retention time corresponds to higher MW.
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  thiophene BP: Benzophenone CP: Cationic Polymerization CPTX: 1-Chloro-4-propoxythioxanthone DEAP: α,α-Diethoxyacetophenone phenylglyoxal DSC: Differential Scanning Calorimetry DVE-3: Triethylene glycol divinyl Ether E605: Ebecryl 605 (bisphenol A epoxy diacrylate diluted in 25% tripropylene glycol diacrylate) E* : Excited state energy (eV) EOX : Oxidation potential (V vs. SCE) Ered : Reduction potential (V) ES : Singlet state pnergy (eV) ET : Triplet state energy(eV) EDB : Ethyldimethylaminobenzoate EPOX : (3,4-Epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate FRP: Free-Radical Polymerization FRPCP: Free Radical Promoted Cationic Photopolymerization HEA: 2-Hydroxyethyl acrylate Hfc : Hyperfine constant coupling HOMO: Highest Occupied Molecular Orbital I: Light intensity (mW.cm -2 ) IOD: Diphenyliodonium hexafluorophosphate IPN: Interpenetrating Polymer Networks Irgacure 369: 2-Benzyl-2-(dimethylamino)-1-[4-(4-morpholinyl) phenyl]-1-butanone Irgacure 651: α,α-Dimethoxy-α-phenylacetophenone Irgacure 754: Oxy-phenyl-acetic acid 2-[2 oxo-2 phenyl-acetoxy-ethoxy]-ethyl ester and oxy-phenyl-acetic 2-[2-hydroxy-ethoxy]-ethyl ester Irgacure 784: Bis(2,6-difluoro-3-(1-hydropyrro-1-yl)-phenyl)titanocene

Figure 1

 1 Figure 1 Spectral profiles of (a) commonly used light sources and (b) LEDs.

PI

  * (hv) → PS •+ + PI •-→→→ R• (6) R• + radical monomer → polymer

1Scheme 2 Scheme 3

 23 Scheme 2 The highlighted bond in each species undergoes homolytic cleavage upon the absorption of light. TPO's commonly absorb radiation in the 360-400 nm range, nearly to the visible [1 a].

2 TypeScheme 4

 24 PhotoinitiatorsChemical structures Light absorption maximum Whether has light absorption in the visible spectral region

  PhotoinitiatorsChemical structures Light absorption maximum Whether has light absorption in the visible-light region

Scheme 7

 7 Scheme 7 Poly(ethylene glycol)-thioxanthone as the macroinitiator [27 b].

Scheme 8

 8 Scheme 8 Molecular structure of a generalized acrylate monomer and its corresponding polymer repeat unit [1 a].

Scheme 10 A

 10 Scheme 10 A schematic diagram refers to the effect of oxygen inhibition [33 c].

  The radicals R• are generated after the PI/PIS being initiated when exposed to light (reaction 19 a), after that the active monomers RM• are formed (reaction 19 b) and then propagated to create growing polymeric chain radicals RMn+1• (reaction 20). In photocurable materials, the reactions of chain radicals with reactive double bonds of prepolymers or oligomers are considered to be involved in the propagation step. The termination reaction usually proceeds through two cases, combination (reaction 21 a) and disproportionation (reaction 21 b). Two chain radicals are joined together in the case of combination, while the case of disproportionation takes place when an atom (typically hydrogen) is transferred from one radical chain to another, thereby, resulting in two polymeric chains.

  reactive bond. The reports on synthetic hybrid systems have arisen in recent years, for example, epoxide-acrylate [5 a-b] and acrylate-vinyl ether [5 c, 6 a]. These hybrid systems promise to mitigate the adverse effects of oxygen inhibition [6 a-b] and moisture problems [6 c] that plague free-radical and cationic polymerizations, respectively. Furthermore, relative to the neat epoxide polymer, the introduction of acrylates is beneficial to decreasing the brittleness and reducing the glass transition temperature (Tg) of the resulting polymer. Noteworthily, the flexibility of the two polymerizable functional groups in one system allows for numerous possibilities in adjusting the viscosity, conversion, adhesion, shrinkage and ultimate strength for the final products.

Scheme 1 Scheme 2

 12 Scheme 1The electromagnetic spectrum.

Scheme 3

 3 Scheme 3 Schematic image of the working mechanism of the fluorescent brighteners [2 e].

FluorescentScheme 4

 4 Scheme 4 Jablonski-Perrin energy diagram of fluorescence activity emitted by fluorescent brighteners.

  Extremely low toxicity ratings  Fair stability in a normal water environment  High color strength  Excellent fastness properties  Displays good stability  Strongly absorb in the UV region and re-emit a major proportion of the absorbed energy as fluorescence Notice that although fluorescence can occur from the sigma-bonds of many organic compounds, but strong fluorescence is associated with the pi-bonded electrons. All fluorescent brighteners therefore contains a considerable number of conjugated double bonds.

Figure 1 Figure 2

 12 Figure 1 UV-visible absorption spectra of fluorescent brighteners in acetonitrile with concentration of [TFB] = 30.5μM; [BBT] = 22.8 μM.

Figure 3

 3 Figure 3 HOMO and LUMO of TFB and BBT at UB3LYP/6-31G* level (isovalue =0.02).

Figure 4

 4 Figure 4 Cyclic voltammogram for the investigated fluorescent brighteners.

(Figure 5

 5 Figure 5 Steady state photolysis of brighteners with IOD in acetonitrile at different irradiation times. LED@420nm irradiation. (a) TFB/IOD; (b) BBT/IOD.

Figure 6

 6 Figure 6 Fluorescence spectra of brighteners as a function of [IOD] and the corresponding Stern-Volmer plots. In acetonitrile. (a) (b) TFB/IOD; (c) (d) BBT/IOD.

Figure 7

 7 Figure 7 ESR spectra of the radicals generated in brighteners/Iod upon LED @ 385 nm exposure and trapped by PBN in tert-butylbenzene. The black and red curves represent experimental and simulated spectrum, respectively. (a) TFB/IOD; (b) BBT/IOD.

Figure 9

 9 Figure 9 Photopolymerization profiles (acrylate function conversion vs. time) of Ebecryl 605/TMPTA blends under air in the presence of brighteners/IOD PISs.

  photoinitiators when used in combination with diaryliodonium salt. These two-component photoinitiating systems could be employed for efficient free-radical polymerizations (FRP) of acrylate, since the generation of phenyl radicals under near visible LED irradiation could be achieved through these two photoreductive systems based on brighteners as photoreductants.

Figure 1 1 H

 11 Figure11 H NMR spectrum for TFB in d-DMSO after 0-, 10-, 20-and 30-min of irradiation (LED@420 nm).[TFB] = 0.36 mM.

  e. at positions f, g and h, located at7.56, 7.51 and 8.56 ppm are corresponding to trans-TFB. The protons at positions a, b, and c appear at 7.82, 7.26 and 6.93 ppm, respectively. Additionally, the peaks at 9.04 and 9.23 ppm correspond to the protons d and e. Turning to the high-field region, the peaks at 3.65,

  irradiation time. Prior to irradiating at LED@420 nm, the singlet at 8.07 ppm is assigned to the proton d in the thiophene moiety of BBT. The peaks of the protons in the benzoxazole moiety, i.e. at positions a, b and c, appear at 7.83, 7.55 and 7.73 ppm, respectively. Turning to the high-field region, the peak at 1.37 ppm corresponds to the protons at positions e. It should be emphasized that, however, all the protons remain unchanged over the whole period of LED irradiation, suggestive of the good photostability of BBT under LED exposure.

Scheme 1

 1 Scheme 1 Fluorescent brighteners used in the present study.

Figure 1

 1 Figure 1 Final conversion (a) and polymerization rate (b) of Ebecryl 605 for different watercontents : TFB/IOD (0.5%/1%, w/w) (); CBUS 450/IOD (2%/2%, w/w) (); C1/IOD (0.5%/1%, w/w) (); CBS X/IOD () (0.5%/1%, w/w); BBT/IOD () (1%/2%, w/w). Black vertical dash line indicates when monomers/water phase separation occurs (~10 wt% water content) only for TFB/IOD (0.5%/1%, w/w) () and CBUS 450/IOD (2%/2%, w/w) () PISs.

Figure 2

 2 Figure 2 ESR-ST spectrum of the (a) CBUS 450/IOD, (b) C 1/IOD and (c) CBS X/IOD systems in tert-butylbenzene nitrogen saturated solution after light irradiation at 385 nm.Experimental (-----), simulated (-----).

Figure 7 ,

 7 Figure 7, part Ⅱ). Same experiments (Electron Spin Resonance Spin Trapping -ESR-ST) were, this time, conducted on other OBs, namely CBUS 450, CBS X and C1. Figure 2 depicts the ESR-ST spectrum recorded after LED light irradiation at 385 nm of the latter systems in a nitrogen saturated tert-butylbenzene solution. The generated radicals were trapped by the PBN spin trapping agent. Simulation of all the experimental spectra yields the following hyperfine coupling constants (hfc) aN = 14.3 G and aH = 2.1 G which are typical of a phenyl PBN spin adduct. Table2sums up all the ESR-ST data for the five optical brighteners in the present study.

Figure 3 1 H

 31 Figure 3 1 H NMR spectra taken during the photolysis of PISs in a nitrogen saturated HEA/D2O/d-DMSO solution ([HEA] = 4.4 M; [D2O] = 25.5 M; [d-DMSO] = 1.1 M; the volume ratio of HEA/D2O = 1:1). PIS: (a) TFB/IOD; (b) C1/IOD; (c) CBUS 450/IOD; (d) CBS X/IOD; (e) BBT/IOD. [TFB] = [CBUS 450] = 2.0 mM; [C1] = 8.0 mM; [CBS X] = 3.3 mM; [BBT] = 4.3 mM; [IOD] = 4.4 mM.

Figure 3 shows(Figure 3 )

 33 the NMR spectra recorded during the photolysis of HEA in presence of the different PISs over a 60 min time duration of light irradiation. The experiments were carried out at room temperature and the solution was previously nitrogen saturated before test. The protons located between 5.5 and 6.5 ppm are assigned to the vinylic bond of HEA, i.e. at positions a, b and c and were normalized against the intensity of HOD signal on the spectra. As the irradiation progresses, a noteworthy observation is that the intensity of vinylic bond severely PART Ⅲ diminishes. It seems, in Figure 3 (a)-(c), that there is no observable peak after 60 min of LED irradiation.

Figure 4 Figure 4 (

 44 Figure 4 Conversion of HEA vinylic bond as a function of the irradiation time in a sequential manner (a) or in a continuous way (b) up to 60 min of LED@420 nm exposure in HEA/D2O/d-DMSO blends (N2-saturated). TFB /IOD (), C1/IOD (), CBUS 450/IOD (), CBS X /IOD (),

Figure 5 1 H

 51 Figure 5 1 H NMR spectra of HEA in a mixed solution (HEA/D2O/d-DMSO blends ([HEA] = 4.4 M; [D2O] = 25.5 M; [d-DMSO] = 1.1 M; the volume ratio of HEA/D2O = 1:1) after N2-bubbling before and after 60-min irradiation in the presence of (a) TFB/IOD; (b) C 1/IOD; (c) CBUS 450/IOD; (d) CBS X/IOD PISs; (e) BBT/IOD PISs. All the tests were carried out at ambient temperature. For all samples, [TFB] = [CBUS 450] = 2.0 mM; [C 1] = 8.0 mM; [CBS X] = 3.3 mM; [BBT] = 4.3 mM; [IOD] = 4.4 mM.

Figure 6

 6 Figure 6 Conversion of the HEA vinylic bond as a function of HEA/D2O volume ratio, without d-DMSO and in the presence of CBS X/IOD PIS. Before () and after 15 min (), 30 min (), 45 min () and 60 min () LED exposure. [CBS X] = 3.6 mM; [IOD] = 4.8 mM.

Figure 6 Figure 7 1 H

 671 Figure 6 exhibits the photolysis of vinylic bond (determined by 1 H NMR) in the presence of CBS/IOD PIS, with different HEA/D2O volume ratios, but without d-DMSO. The sample preparation and measurement conditions are all the same with the aforementioned ones. The corresponding data are listed inTable 4, 1 H NMR spectra are shown in Figure 7.

  photoinitiation ability.The frame of the first chapter devotes to the studies of (i) the preferable fluorophores and/or derivatives with not only a good light absorption ability in the LED emission region but also a high photochemical reactivity among these investigated brighteners; (ii) the good cooperation with other additives (i.e. iodonium salt and/or optionally N-vinyl carbazole or amine); (iii) the efficient photoinitiation ability in acrylates and acrylates/epoxides blends upon LED irradiation at 420 nm.

Scheme 1 Figure 1

 11 Scheme 1 Fluorescent brighteners, additives and monomers used as in this work.

3.PhotochemicalFigure 2 Figure 3

 23 Figure 2 Stern-Volmer plot for the steady state fluorescence quenching.

Figure 4

 4 Figure 4 ESR-ST spectrum of the (a) BBS/IOD and (b) OB7/IOD systems in tert-butylbenzene nitrogen saturated solution after light irradiation at 385 nm. Experimental (-----), simulated Phenyl-N-tert-butylnitrone (PBN) is used as a spin trap.

Figure 4

 4 Figure4depicts the ESR-ST spectra recorded after LED@385 nm irradiation of the BBS/IOD and OB 7/IOD systems in a nitrogen saturated tert-butylbenzene solution. The corresponding data for the five PISs are listed in Table3. There is a convincing evidence

Figure 5

 5 Figure5 Photopolymerization profiles (acrylate function conversion vs time) of an Ebecryl 605/TMPTA blends (70%/30%, w/w) under air and in presence of BBS/IOD (2%/3%, w/w, curve 1); OB 7/IOD (1%/3%, w/w, curve 2); CBUS 450/IOD (2%/3%, w/w, curve 3); CBS X/IOD (0.2%/1%, w/w, curve 4); C 1/IOD (0.2%/2%, w/w, curve 5); Ir369 (1%, w/w, curve 6) and Ir819 (1%, w/w, curve 7).

Figure 5 .

 5 As a comparison same experiment was carried out with two well-known type I photoinitiators, Irgacure 369 and 819. The corresponding data, final conversions (FC) and polymerization rate (PR) are summed up in Table

Figure 6

 6 Figure 6Photopolymerization profiles (acrylate function conversion vs. time) of Ebecryl 605/TMPTA blends (70%/30%, w/w) under air in the presence of the following. (a) BBS/IOD/NVK (2%/3%/2%, w/w, curve 1), BBS/IOD/EDB (2%/3%/2%, w/w, curve 2), O 7/IOD (0.5%/1%, w/w, curve 3), O 7/IOD/NVK (0.5%/1%/2%, w/w, curve 4), O 7/IOD/EDB (0.5%/1%/2%, w/w, curve 5); (b) CBUS 450/IOD/NVK (2%/3%/2%, w/w, curve 1), CBUS 450/IOD/EDB (2%/3%/2%, w/w, curve 2), CBS X/IOD (0.05%/1%, w/w, curve 3), CBS X/IOD/NVK (0.05%/1%/2%, w/w, curve 4), CBS X/IOD/EDB (0.05%/1%/2%, w/w, curve 5).(c) C 1/IOD (0.1%/1%, w/w, curve 1), C 1/IOD/NVK (0.1%/1%/2%, w/w, curve 2), C 1/IOD/EDB (0.1%/1%/2%, w/w, curve 3).

Figure 7

 7 Figure 7 Photopolymerization profiles of an Ebecryl 605/EPOX blend (50%/50%, w/w) under air (a) OB 7/IOD (1%/3%, w/w), (b) CBUS 450/IOD (2%/3%, w/w), (c) CBS X/IOD (0.2%/1%, w/w), (d) C 1/IOD (0.2%/1%, w/w).

Figure 1 1 H

 11 Figure 11 H NMR spectrum for BBS in CDCl3 after 0-, 10-, 20-and 30-min of irradiation (LED@420 nm).[BBS] = 8.04 mM.

Figure 1

 1 Figure1shows the 1 H NMR spectrum of photolysis of BBS with the increase of irradiation time. Prior to irradiation, the singlet at 7.30 ppm is assigned to the proton f the structure of trans-BBS. The peaks of the closest protons to the central vinylic bond, i.e. at positions e and d, located at 7.70 and 8.27 ppm are corresponding to trans-BBS, respectively. Additionally, the protons at positions b, and c appear at7.78, 7.36 and 7.60 ppm, respectively. 

Figure 2 1 H

 21 Figure 2 1 H NMR spectrum for C1 in d-DMSO after 0-, 10-, 20-and 30-min of irradiation (LED@420 nm). [C1] = 14.41 mM.

Figure 2 Figure 3 1 H

 231 Figure2shows the 1 H NMR spectrum of photolysis of C1 with the increase of irradiation time. Prior to irradiation, the peaks at 7.5, 6.7 and 6.5 ppm are assigned to the protons a, b and c in the structure of C1. The peaks at 3.42 and 1.12 ppm correspond to the protons d and e in the diethylamine moiety. The protons at positions f and g appear at 2.33 and 5.93 ppm, respectively. However, all the protons remain unchanged over the whole period of LED irradiation, suggestive of the good photo-stability of C1 under LED exposure.

and 9 .

 9 35 ppm are corresponding to protons d and g. Additionally, the protons at positions a, b,

  (i.e., proton j) to the central vinylic bond decreases with the formation of the cis-isomer, moreover, the integral of protons g and i decreases with the irradiation time. The new peaks of the cis-CBUS 450 appear at positions corresponding to protons a-f, respectively. When the CBUS 450 solution is irradiated for a longer time, these new peaks specific to the photoproduct Photolysis Kinetics of the Novel Fluorescent Brighteners of the cis-CBUS 450 become more intense.

Figure 4 1 H

 41 Figure 4 1 H NMR spectrum for CBS X in d-DMSO after 0-, 10-, 20-and 30-min of irradiation (LED@420 nm). [CBS X] = 5.93 mM.

Figure 5 1 H

 51 Figure 5 1 H NMR spectrum for OB 7 in d-DMSO 0-, 10-, 20-and 30-min of irradiation (LED@420 nm). [OB 7] = 9.20 mM.

Figure 5

 5 Figure5shows the spectrum of photolysis of OB 7 with the increase of irradiation time.Prior to irradiation, the peaks at 7.98, 7.52 and 7.92 ppm are assigned to the protons a, b-c and d the structure of CBS X. The singlet peak at 8.63 corresponds to the proton e. The protons at positions f and g appear at around 9.63 ppm. However, all the protons remain unchanged over the whole period of irradiation, suggestive of the good photo-stability of OB 7 under LED exposure.

(Scheme 1 )Scheme 1

 11 photopolymerization, the structure of which could be classified into: triazine

Figure 1 1 H

 11 Figure 1 1 H NMR spectra taken during the photolysis of PISs in a nitrogen saturated MMA emulsion upon LED@420 nm irradiation. DMF as the reference standard to evaluate the evolution of MMA with the increase of irradiation time. PISs: (a) TFB/IOD; (b) BBT/IOD; (c) C1/IOD; (d) CBUS 450/IOD; (e) CBS X/IOD; (f) OB 7/IOD ([OBs] = 1 mM, [IOD] = 3 mM, [SDS] = 10.8 mM, MMA 9.1 wt%).

Figure 5 .

 5 Figure 5.

Figure 3 1 H 119 Figure 4

 311194 Figure 3 1 H NMR spectra taken during the photolysis of BBS/IOD in a nitrogen saturated MMA emulsion upon LED@420 nm irradiation. [BBS] = 1 mM, [IOD] = 3 mM, [SDS] = 10.8 mM, MMA 9.1 wt%.

Figure 5 1 H

 51 Figure 5 1 H NMR spectrum of PMMA in CD2Cl2.

Figure 6 1 HFigure 7 1 H

 6171 Figure 6 1 H NMR spectra taken during the photolysis of (a) only CBUS 450 and (b) only OB 7 in a nitrogen saturated MMA emulsion upon LED@420 nm irradiation. DMF as reference standard to evaluate the evolution of MMA with the increase of irradiation time. [CBUS 450] = [OB 7] = 1 mM, [SDS] = 10.8 mM, MMA 9.1 wt%.

Figure 6

 6 Figure 6 shows the NMR spectra recorded during the photolysis of MMA in presence of the one-component PISs over a 180 min time duration of light irradiation, the corresponding vinylic bond conversion as a function of the irradiation time is plotted in Figure 2 (b), the corresponding data are listed in Table3. Brighteners CBUS 450 and OB7 seem to work as

Figure 2 (

 2 Figure 2 (b) that the vinylic bond conversion initiated by CBUS 450 or OB 7 alone reaches

Figure 4 .

 4 result has been confirmed by ESR-ST experiment through the simulation of all the experimental spectra depicted in Part Ⅲ Figure 2 and Part Ⅳ The hyperfine coupling constants (hfc) typical of the phenyl PBN spin adduct are aN = 14.3 G and aH = 2.1 G were found. These data are in agreement with the ones already observed by either TFB/IOD or BBT/IOD combination[14]. Concerning the one-component PIS, the reactive species can originate from the excited brightener and hydrogen donor (RH in reaction(4), it could be OB itself or monomer when no coinitiator) present in the medium via a hydrogen abstraction reaction.

Figure 8

 8 Figure 8 Conversion of MMA vinylic bond as a function of the irradiation time up to 30 min of LED@420 nm exposure in MMA emulsion (N2-saturated) initiated by CBS X/IOD PIS, [SDS] varies from 3.0 mM (), 5.1 mM (), 7.2 mM (), 10.8 mM (), 12.7 mM (), 14.4 mM (✳) to 27.7 mM ( ▶). [CBS X] = 1 mM, [IOD] = 3 mM, MMA 16.7 wt%.

Figure 8

 8 exhibits the conversion of the vinylic bond in the presence of CBS/IOD PIS, being emulsified by SDS aqueous solution, whose concentration varies within the range of 3.0 to 27.7 mM. The sample preparation and measurement conditions are all the same with the aforementioned ones. The corresponding data are listed in Table 4, 1H NMR spectra are shown in Figure 9.

Figure 9 1 H

 91 Figure 9 1 H NMR spectra taken during the photolysis of CBS X/IOD PIS in a nitrogen saturated MMA emulsion upon LED@420 nm irradiation. DMF as reference standard to evaluate the evolution of MMA with the increase of irradiation time. [SDS] varies from (a) 3.0 mM, (b) 5.1 mM, (c) 7.2 mM, (d) 10.8 mM, (e) 12.7 mM, (f) 14.4 mM to (g) 27.7 mM. [CBS X] = 1 mM, [IOD] = 3 mM, MMA 16.7 wt%

  photochemical and electrochemical properties were implemented subsequently. It is delightful that the excellent near-UV/visible absorption abilities and outstanding fluorescent properties can be obtained from these brighteners, along with the finding that phenyl radicals can be generated through brighteners and diaryliodonium salt (IOD) combinations under near visible LED irradiation, indicating that the feasibility of using fluorescent brighteners as photoinitiators.

  bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBT), 4,4′-bis(2-benzoxazolyl)stilbene (BBS), 7-diethylamino-4-methylcoumarin (C1), diphenyliodonium hexafluorophosphate (IOD or Ph2I + X -), 2-hydroxyethyl acrylate (HEA), methyl methacrylate (MMA) and N-vinylcarbazole (NVK) and ethyl 4-(dimethylamino)benzoate (EDB) were purchased from Sigma-Aldrich. Derivative of bis-(triazinylamino)-stilbene disulfonic acid (CBUS 450) and 4,4'-bis(2-sodium sulphonate styryl)biphenyl (CBS X) were purchased from Lambson Ltd. 1,4-Bis(2-benzoxazolyl)naphthalene (OB 7) was purchased from Tokyo Chemical Industry. Irgacure 369 and 819 were purchased from BASF S. E. Trimethylolpropane triacrylate (TMPTA), Ebecryl 605 (which is the bisphenol A epoxy diacrylate, EBECRYL ® 600, diluted 25% by weight with the reactive diluent tripropylene glycol diacrylate (TRPGDA)) and (3,4-epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX) were purchased from

Figure 2

 2 Figure 2 Simplified schematic of ESR spectrometer.

Figure 3 .

 3 Figure 3.

Figure 3

 3 Figure 3 representation of a fluorescence spectrometer.

Figure 6

 6 Figure 6 Experimental set-up and principle.

Figure 9

 9 Figure 9 Simplified schematic of dynamic light scattering.

Figure 10 .

 10 Figure 10.

Figure 10

 10 Figure 10 Simplified schematic of size exclusion chromatography.

  

  

  

  

  

], pyrene [26 b], pyrromethene [26 c], indanedione [26 d], chalcone [26 e], acridinedione [26 f], violanthrone [26 g], volanthrone [26 h], anthraquinone [26 i], etc.

  

	visible-light (from purple to red lights) sensitive photoinitiating systems have recently drawn
	increasing attention. The successfully synthesized compounds include the derivatives of
	anthracene [26 a

Table 1

 1 Parameters characterizing the reactivity of the brighteners (singlet state energy ES, oxidation potential EOX, free energy change ΔGS for the reaction with IOD, rate constant of excited singlet state quenching kq, electron transfer quantum yield ΦeT, fluorescence quantum yield Φfluo and fluorescence lifetime τ).

	Photoinitiators ES (eV) EOX (V vs SCE) ΔGS (eV) kq (M -1 S -1 )	ΦeT	Φfluo τ (ns)
	TFB	3.23	0.94	-2.09	2.5×10 10	0.88	0.65	<6.0
	BBT	3.18	1.08	-1.90	8.0×10 9	0.69	0.79	<6.0

Table 1 ,

 1 first, demonstrate that the free energy changes

Table 2

 2 Photopolymerization data of the Ebecryl 605/TMPTA blend (70%/30%, w/w) obtained under air and exposure to LED at 420 nm in the presence of brighteners based PISs and Irgacure 369, 819 as references.

	PISs	Brighteners alone	IOD alone	TFB/IOD (1%/1%, w/w)	BBT/IOD (1%/3%, w/w)	Irgacure 369 (1 wt%)	Irgacure 819 (1 wt%)
	Final conversion	np a	np	42.4	27.9	38.0	34.5
	Photopolymerization rate	np	np	0.69	0.08	0.85	0.39

a Key: np, no photopolymerization

Table 1

 1 Photopolymerization data of the Ebecryl 605/water blends with different water concentration obtained under air and exposure to LED@420 nm in the presence of various brighteners-based PISs.

	PISs	Ebecryl 605 (100 wt%) FC (%) PR(Rp/[M0]* 100)	Ebecryl 605/water (90%/10%, w/w) FC (%) PR(Rp/[M0]* 100)	Ebecryl 605/water (80%/20%, w/w) FC (%) PR(Rp/[M0]* 100)	Ebecryl 605/water (70%/30%, w/w) FC (%) PR(Rp/[M0]* 100)
	TFB/IOD (0.5%/1%, w/w) C1/IOD (0.1%/1%, w/w) CBUS 450/IOD (2%/2%, w/w) CBS X/IOD (0.1%/1%, w/w) BBT/IOD (1%/2%, w/w)	47.3 + 1.2% 40.9 + 2.2% 30.2 + 1.9% 38.5 + 2.9% 37.1 + 1.8%	0.74 + 0.1% 0.54 + 0.2% 0.52 + 0.1% 1.13 + 0.06% 0.59 + 0.3%	58.7 + 1.8% 42.2 + 2.8% 63.1 + 2.1% 45.4 + 2.6% 49.4 + 2.7%	1.74 + 0.2% 0.84 + 0.07% 1.45 + 0.08% 1.10 + 0.15% 0.84 + 0.1%	61.5 + 2.0% 50.2 + 1.7% 52.9 + 1.5% 50.6 + 1.9% 42.1 + 2.2%	4.26 + 0.05% 0.60 + 0.1% 1.41 + 0.2% 1.68 + 0.2% 0.68 + 0.3%	43.1 + 2.1% 42.1 + 1.9% 49.8 + 0.7% 45.2 + 1.3% 39.1 + 1.5%	0.67 + 0.2% 0.65 + 0.1% 1.24 + 0.2% 1.16 + 0.13% 0.53 + 0.3%

Table 2

 2 Hyperfine coupling constants gathered through ESR-ST experiments. LED irradiation centers at 385 nm.

	Compounds	TFB	BBT	C1 a	CBUS 450	CBS X
	aN (G)	14.3	14.3	14.4	14.3	14.3
	aH (G)	2.1	2.1	2.2	2.1	2.1

a Key: confidency upon hfc is ± 0.1 G.

Table 4

 4 Final conversion of vinylic bond of HEA with different volume ratios of HEA/D2O mixtures without d-DMSO in the presence of CBS X/IOD PIS before and after LED exposure.

	The volume ratios of HEA/D2O mixtures	Before irradiation	After 15-min irradiation	After 30-min irradiation	After 45-min irradiation	After 60-min irradiation
	1/5	-	2.2%	5.9%	7.8%	9.3%
	1/2	-	28.1%	37.8%	45.6%	53.3%
	1/1	-	53.2%	63.6%	68.8%	69.9%
	2/1	-	56.7%	72.4%	78.7%	82.5%
	5/1	-	42.5%	53.4%	67.2%	73.5%
	11/1	-	40.7%	50.4%	56.4%	64.4%

Table 1

 1 Absorption properties of the studied OBs in DMSO. Wavelength (λmax) and molar extinction coefficient (ε) at the absorption maximum and LED emission wavelength (420 nm).

		BBS	C 1	CBUS 450	CBS X	OB 7
	λmax (nm)	376	373	361	357	374
	εmax (M -1 cm -1 )	Poor solubility 32530 + 430 39010 + 750 75800 + 1020 34290 + 1380
	ε420 nm (M -1 cm -1 ) Poor solubility 333 + 12	58 + 34	80 + 13	570 + 38

Table 2

 2 Parameters characterizing the reactivity of the brighteners (ΦeT = OBs/IOD electron transfer quantum yields in the singlet state calculated according to ΦeT =

		Kqτ0[IOD]/(1+Kqτ0[IOD]), [IOD] = 4.7 × 10 -2 M) [7-9].	
	OBs	BBS	C 1	CBUS 450	CBS X	OB 7
	ΦeT	0.44	0.87	Fast quenching	Fast quenching	0.73
	Secondly, Table				

Table 3

 3 Hyperfine coupling constants (hfc) gathered through ESR-ST experiments. LED irradiation centers at 385 nm.

	OBs	BBS	OB 7	CBUS 450	CBS X	C 1 a
	aN (G)	14.3	14.3	14.3	14.3	14.4
	aH (G)	2.1	2.1	2.1	2.1	2.2
			a Key: confidency upon hfc is ± 0.1 G.		

Table 4

 4 Data for the photopolymerization of an Ebecryl 605/TMPTA (70%/30%, w/w) blend under air and exposure to a LED@420 nm for various brightener-IOD and current PISs.

	PISs	OBs alone	IOD alone	BBS/IOD (2%/3%, w/w)	OB 7/IOD (1%/3%, w/w)	CBUS 450/IOD (2%/3%, w/w)	CBS X/IOD (0.2%/1%, w/w)	C 1/IOD (0.2%/2%, w/w)	Irgacure 369 (1%, w/w)	Irgacure 819 (1%, w/w)
	FC (%)	np a np	np	39.0	19.2	50.7	39.6	34.5	38.0
	PR (Rp/[M0]*100) np	np	np	0.59	0.05	0.71	0.71	0.39	0.82

a Key: np, no photopolymerization

Table 2

 2 Data on average particle size and polydispersity index for the final latexes obtained from different PISs. In terms of colloidal characterization, it is clear from Table 2 that the average particle diameter of the polymeric latexes determined by DLS all meet the nano-scale. The diameters of the resultant polymeric latexes initiated by TFB and CBS X based PISs range from 63.3 to 71.8 nm. Particles with a size of 126 nm are obtained from CBUS 450/IOD combination.

	O	OCH 3	(b)
	(c)	(c)	
	H 2 C CH	
	PMMA	(a) CH 3	n

Table 3

 3 Final conversion of vinylic bond of MMA in the presence of different one-component PISs obtained from photolysis kinetics varies from 0-to 180-min irradiation.

	Conversion 0 min 2 min 4 min 10 min 20 min 30 min 60 min 120 min 180 min
	only CBUS 450	-	17.0% 24.4% 46.8% 57.3% 69.7% 83.2% 87.9% 93.5%
	only OB 7	-	0%	0%	0%	0%	0%	32.2% 77.1% 80.6%

Table 4

 4 Final conversion of vinylic bond of MMA in the presence of CBS X/IOD obtained from photolysis kinetics up to 30-min irradiation. The concentration of SDS varies from 3.0 to 27.7 mM.

	Conversion	0 min	2 min	4 min	10 min	20 min	30 min
	[SDS] = 3.0 mM	-	0%	0%	18.6%	31.9%	55.6%
	[SDS] = 5.1 mM	-	7.4%	12.7%	27.8%	81.3%	89.9%
	[SDS] = 7.2 mM	-	2.9%	12.0%	42.6%	84.0%	88.6%
	[SDS] = 10.8 mM	-	3.4%	16.3%	42.0%	85.1%	92.2%
	[SDS] = 12.7 mM	-	39.4%	67.2%	71.2%	85.5%	89.2%
	[SDS] = 14.4 mM	-	57.3%	74.6%	81.9%	89.1%	89.5%
	[SDS] = 27.7 mM	-	69.4%	84.2%	86.7%	88.1%	91.3%

  way of PMMA using a surface-active RAFT agent, the corresponding emulsion polymerization reaction was induced by a 1kW UV lamp with 365 nm wavelength meanwhile heating at 60, 70, and 80 °C for 6 hrs, respectively. The other work published bySuzuki et al. [4 b] dealt with the emulsion polymerization of MMA using a mixture of anionic and nonionic emulsifiers, the reaction was carried out at 50 °C for 80 min. Additionally,Liao et al. [4 c] investigated the ultrasonically initiated emulsion polymerization of MMA in the absence of initiator, which could result in a monomer conversion of about 67% in a period of 30 min, but lower than those obtained from above two ways which could lead to about 90% of monomer conversion while need a much longer reaction time. Compared to these results, the sub-100 nm polymeric nanoparticles with high solid content (~84%) could be fabricated by visible-light LED-triggered emulsion polymerization under ambient conditions in only 4 min (e.g. the emulsion formulated with 27.7 mM of SDS and CBS X/IOD combination).

Shim et al. [4 a] put forward a PART Ⅴ preparation

Fluorescence ExperimentsFluorescence spectroscopy is a type of electromagnetic spectroscopy that analyzes
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Chapter containing an extended π-conjugation that can lead to its use as photoactive switches [10][11].

For one thing, it can change color under UV illumination at high concentrations in polymer films owing to its capacity to form excimers, which provides a possibility to be sued as a molecular probe of deformation and temperature in host-guest systems [12][13]. For another, it can be used in oriented macromolecular matrices to produce polarized light owing to its anisotropic flat shape [15][16].

Because of the electron rich benzoxazoyl termini, benzoxazole-based fluorescent brighteners (e.g. BBT and BBS) have attracted a lot of attentions in the fields of photoluminescent device [17][18][19][20][21][22][23], whitening agent [24], and dye laser [25]. However, considering the potential photoisomerization between the transand cis-isomers of the stilbene that would impact BBS's fluorescence properties, the highly conjugated naphthalene is taken into account as the central core. Herein, 1,4-bis(benzoxazolyl-2-yl) naphthalene (OB 7) is one of the typical representatives, as a fluorescent whitening agent generally used for whitening and brightening plastic films, injection molded materials, expanded or foamed PVC, EVA, PU foams, rubber products and lacquers [26]. Furthermore, the effect of surfactant concentration is also studied to optimize the monomer conversion as the irradiation progresses. In addition to this, a comparison with the literature data upon thermal polymerization process will be provided showing the superiority of the new proposed approach: the emulsion photopolymerization occurs in a few minutes at room temperature vs. few hours at 50-80 °C for the thermal way [4].

PART Ⅴ The conversion of the vinylic bond obtained from the integration of NMR spectra as a function of the irradiation time in presence of the various two-component PISs is plotted in Figure 2 (a), the corresponding data are listed in the Table 1. Prior to irradiation, no emulsion polymerization took place for all PISs. However, it is worth noting that the homogeneity of the water/monomer mixture keeps well throughout the whole irradiation process when the emulsion is formulated with the two-component PISs except for the combination of BBS/IOD, which leads to the phenomenon of phase separation at the early stage of irradiation. Furthermore, no precipitated polymer can be obtained after the polymerization, even if the disappearance of the vinylic bond is monitored by NMR as far as the LED irradiation progresses (the corresponding NMR spectrum is given in Figure 3). With regard to the other PISs, they all not only initiate successfully the emulsion polymerization of MMA but also result in the generation of