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          Preface
 
          3D printing, different from traditional subtractive manufacturing techniques, is an additive manufacturing technology in which objects can be produced through computer-aided design without the need of molds. Since its invention in the last century, this promising technology has developed rapidly and has found numerous applications in various fields, ranging from personalized consumer products and food industry to drug delivery and tissue engineering and so on. Particularly, this versatile technology has also been used to produce personal protective equipment (e.g., face shields), medical devices (e.g., ventilator valves) and isolation wards to fight against the ongoing coronavirus pandemic.
 
          Among various 3D printing approaches (e.g., selective laser sintering, fused deposition modeling, direct metal laser sintering, electron beam melting and stereolithography), the one based on photopolymerization, that is, polymerization reactions induced by light, is extremely attractive. In this approach, objects with well-defined structures can be created from the photopolymerization of liquid photocrosslinkable resin during light irradiation controlled by computer-aided design models. While the engineering, electronic and optical technologies of this 3D printing approach are almost mature, the design and development of high-performance printable materials/inks remains a key challenge. This book thus aims to provide the recent progress in the aspects of chemistry and materials of 3D printing with light.
 
          Specifically, Chapter 1 contains information on the recently developed high-performance photoinitiating systems applicable to the vat photopolymerization 3D printing technology. Chapter 2 introduces the newly developed two-photon photoinitiators and their applications in 3D printing and mircofabrication. Chapter 3 critically reviews the recent advancements in the use of dyes in light-induced 3D printing. In particular, functional dyes can be exploited to create stimuli-responsive 3D-shaped polymers. Chapter 4 discusses the role of resin composition for the stereolithographic 3D printing of microfluidic devices, with a specific focus on the methods to successfully print enclosed channels of comparable dimensions to existing microfluidic technologies. The performance of printed objects in microfluidic applications is also reviewed. Chapter 5 discusses novel 3D printable photopolymerizable biomacromolecules and their applications in 3D printing of biomaterials, which demonstrate significant potential for clinical diagnosis and therapeutics. Chapter 6 introduces the principle, development and applications of photocurable 3D printing technology on the market, and puts forward some key problems of the technique which are required to be solved. Chapter 7 discusses the dual wavelength photochemistry for the polymerization reactions and the application in photocuring 3D printing. Chapter 8 introduces a 3D nanoprinting technique based on two-photon photopolymerization, which has been widely used to fabricate various functional micro-/nanodevices. Chapter 9 is dedicated to the application of photocontrolled reversible addition fragmentation chain transfer polymerization (photoRAFT) in 3D printing, which can add a new dimension to the current manufacturing technologies. Chapter 10 discusses the main challenges in 3D printing focusing on printing speed and applications in biomedical areas.
 
          Finally, we would like to thank all chapter authors and De Gruyter, especially those who have been significantly impacted by the coronavirus pandemic in different cities around the world, for their efforts and contributions to the book in this challenging and tough time. Nothing lasts forever, even the worst disasters must end some day. Until the day when nature and science shall bring the disasters to the end, all human wisdom is summed up in two words: wait and hope (Alexandre Dumas).
 
           
            Pu Xiao and Jing Zhang
 
            Melbourne, Australia
 
            February 2021
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          The photosensitive formula for one-photon and two-photon 3D printing consists of photoinitiating system (PIS) and photocurable monomers/oligomers [1, 2]. PIS refers to the components group that is irradiated directly by light and produces active initiating species (free radicals and/or cations) [1, 2]. In more detail, photoinitiator (PI) is excited by photons, then either homocleaved into free radicals or reacted with additives via oxidation and energy transfer to generate radicals and/or cations for polymerization initiation [1, 3]. Therefore, the properties of PIs in terms of functional group conversion (FC), rate of polymerization (RP,max), color, transparency and photobleaching affect toughness of 3D printed objects and 3D printer parameters such as printing layer thickness and printing duration for each layer [2].
 
          Commercial photoinitiators, 2,4,6-trimethylbenzoyldiphenyl phosphine oxide(TPO), phenylbis(2,4,6-trimethyl-benzoyl)phosphine oxide (BAPO), (1-hydroxycyclohexyl)(phenyl)methanone (Irgacure 184), 2-benzyl-2-(dimethylamino)-1-(4-morpholinophenyl)butan-1-one (Irgacure 369), etc., are efficient and commonly used in PISs for 3D printing [4]. However, 3D printing technology has been applied to various fields such as tissue engineering, oral drug production, electrically conductive constructs, etc. [5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23]. Commercial PISs have obvious drawbacks such as UV initiation, toxicity and low efficiency in further advanced use of 3D printing technology. To improve the efficiency of PISs, and to fit low intensity commercial 3D printer projector in order to meet the standards in some special fields (e.g., medicine, scaffolds, etc.), additional requirements (e.g., non-toxic, visible-light initiable and highly efficient) have to be considered. Tons of efficiently designed type I and type II photoinitiators for 3D printing have been reported (e.g., metal complexes, flavone derivatives and naphthalimide derivatives) [24, 25, 26]. In this chapter, an overview of the newly developed PISs of centimeter-scale and nanoscale 3D printing are discussed. Guidance on how to evaluate if a PI or a PIS is suitable for 3D printing is provided as well.
 
          
            1.1 Novel photoinitiating systems in 3D printing
 
            
              1.1.1 Naturally originated and derived photoinitiators
 
              Due to abundant brightly colored substances (i.e., dyes), nature is a large provider of potential PIs that are sensitive to visible light LEDs exposure. For instance, curcumin, a bright yellow turmeric extract, has been observed to be a blue-light-sensitive PI [27]; riboflavin, also called vitamin B, is another well-investigated natural PI under blue lights [28, 29]. Several naturally originated and derived compounds have been reported to be efficient PIs [30, 31, 32, 33, 34, 35, 36]. Flavone and coumarin derivatives are presented in this subsection to introduce their properties and abilities for 3D printing.
 
              
                1.1.1.1 Flavone-derivative-based photoinitiating systems
 
                Flavone derivatives reported as antioxidants [37] have been discovered to be a new series of blue-light-sensitive PIs in recent years [24, 38]. A general mechanism of photoinitiation process was proposed [24, 38]. Specifically, flavones are excited to singlet or triplet state by photons (r1) and then reacted with NPG or Iod forming intermediate free radicals (r2–r4). An alternate route is two additives (i.e., NPG and Iod) interact and produce a charge transfer complex (CTC) (r5). This CTC can then be decomposed to phenyl radicals (Ar•) (r6). The Ar• is then initiated the following polymerization:
 
                (r1) Flavone→1,3Flavone(hν) 
                
 
                 (r2)1,3Flavone+NPG→NPG(−H)∙+Flavone−H∙ 
                
 
                 (r3)NPG(−H)∙→CO2+NPG(−H,−CO2)∙ 
                
 
                 (r4)1,3Flavone+Ar2I+→Flavone∙++Ar∙+Ar−I 
                
 
                 (r5)NPG+Iod→NPG−IodCTC 
                
 
                 (r6)NPG−IodCTC→→→Ar∙(hν) 
                
 
                
                  Photoinitiators
 
                  3-Hydroxyflavone (3HF), 6-hydroxyflavone (6HF) and 7-hydroxyflavone (7HF) (Scheme 1.1) are monohydroxy-substituted flavone derivatives. Chrysin and myricetin (Scheme 1.1) are multi-hydroxyl-substituted flavone derivatives. Of all, myricetin is the reddest shifted compound in terms of light absorption among reported flavone derivatives (Table 1.1: λmax = ∼375 nm). All presented flavone derivatives have no maximum absorption peak in visible light range, but their light absorption profiles overlap with the emission profile of LED@405 nm, and the corresponding extinction coefficients are listed in Table 1.1. Monohydroxy- and dihydroxy-substituted flavones exhibit extinction coefficients at used LED@405 nm as ∼70 M−1 cm−1–∼450 M−1 cm−1, while the hexahydroxy substituted flavones, myricetin, has the extinction coefficient of 4,800 M−1 cm−1 at 405 nm.
 
                  Non-hydroxy substituted flavone (i.e., flavone itself) can trigger free radical polymerization of methacrylates (bisphenol-A-glycidyl methacrylate (Bis-GMA) and trethylene glycol dimethacrylate (TEGDMA), 70 wt%/30 wt%) but cannot promote the polymerization propagation (double bond functional group conversion (FC) of methacrylates at 100-s irradiation is only 4%). 3HF exhibits minor extinction coefficient at 405 nm in methanol (ε405 nm = ∼250 M−1 cm−1). In addition of the amine, N-phenylglycine (NPG), 3HF-based PIS can efficiently initiate photopolymerization of the blend of Bis-GMA/TEGDMA (thickness = 1.4 mm) under the irradiation of LED@405 nm. The double bond conversion of these methacrylates is 71% at 100-s irradiation (Table 1.2). In the same conditions as 3HF-based PIS, 6HF- and 7HF-based PISs initiate the blend of Bis-GMA/TEGDMA quite less than 3HF-based two-component PIS (FCt = 100 s(6HF/NPG) = 43%; FCt = 100 s(7HF/NPG) = 31.3%), illustrating that the location of substituents affects a flavone’s photophysics and photoinitiation abilities (Tables 1.1 and 1.2). 20% and 0% methacrylates conversion were attained using PISs of chrysin/NPG and myricetin/NPG, respectively, although the myricetin absorbs the most photon at 405 nm irradiation (ε405 nm = 4,800 M−1 cm−1) (Table 1.1 and 1.2). This might be ascribed to the number of the hydroxyl group. Hydroxyl group is a common radical scavenger that can catch free radicals and prevent active radicals from initiating polymerization [39]. Therefore, the multi-hydroxy flavone, myricetin, can hardly initiate photopolymerization of methacrylates in the presence of NPG upon exposure to LED@405 nm (Table 1.2 and Figure 1.1(a)).
 
                  
                    [image: ]
                      Scheme 1.1: Chemical structures of flavone derivatives.

                   
                  
                    
                      Table 1.1:Light absorption properties of flavone derivatives in methanol: maximum absorption wavelength (λmax), molar extinction coefficients at λmax and at the maximum LEDs emission wavelengths (εLED) of irradiation sources.

                    

                              
                          	PI 
                          	λmax (nm) 
                          	εmax (M−1 cm−1) 
                          	ε405 nm (M−1 cm−1) 
                          	Ref. 
   
                          	Flavone 
                          	-* 
                          	-* 
                          	~70 
                          	[38] 
  
                          	3HF 
                          	~350 
                          	~15,000 
                          	~250 
                          	[24] 
  
                          	6HF 
                          	-* 
                          	-* 
                          	~70 
                          	[38] 
  
                          	7HF 
                          	~305 
                          	~1,900 
                          	~427 
                          	[38] 
  
                          	Chrysin 
                          	~310 
                          	~10,000 
                          	~336 
                          	[38] 
  
                          	Myricetin 
                          	375 
                          	16,000 
                          	4,800 
                          	[38] 
 
                    

                    
                      
                        *:no obvious maximum absorption peak.

                      

                    

                  
 
                  
                    
                      Table 1.2:Functional group conversion (FC) of Bis-GMA/TEGDMA (70%/30%, w/w), when using diverse photoinitiating systems (0.5 wt% PI/1 wt% NPG, thickness = 1.4 mm) under air upon exposure to LED@405 nm (I0 = 110 mW cm−2) at 100 s [24, 38].

                    

                                
                          	PIS 
                          	Flavone/NPG 
                          	3HF/NPG 
                          	6HF/NPG 
                          	7HF/NPG 
                          	Chrysin/NPG 
                          	Myricetin/NPG 
   
                          	FC (%) 
                          	4 
                          	71 
                          	43 
                          	31.3 
                          	20 
                          	n.p.a 
 
                    

                    
                      
                        an.p.: no polymerization

                      

                    

                  
 
                 
                
                  Additives
 
                  Two monohydroxy flavones, 3HF and 6HF, were chosen as target PIs for 3D printing due to their relatively high efficiency in the presence of NPG in free radical photopolymerization of methacrylates studies, as shown in Table 1.2 and Figure 1.1(a). As stated, the discussed flavone derivatives enclosed in Scheme 1.1 are type II PIs. Different additives can affect the photoinitiation ability of flavone derivatives positively or negatively, to various levels (Table 1.3 and Figure 1.1(b)). The effect of additives on NPG, diphenyliodonium hexafluorophosphate (Iod), ethyl 4-(dimethylamino)benzoate (EDB) and 4-diphenylphosphinobenzoic acid (4-DPPBA) were investigated. As for 3HF, PISs in the presence of NPG alone and Iod/NPG presented efficiency in free radical polymerization of methacrylates (Table 1.3: FCt = 100 s(3HF/NPG) = 71%, FCt = 100 s(3HF/Iod/NPG) = 79%, while FCt = 100 s(3HF/Iod/EDB) is only 17%). The Iod/NPG is the best additives combination among studied PISs, though NPG alone can improve 3HF photoinitiation ability excellently (Table 1.3). Therefore, 3HF/NPG (0.5%/1%, wt) in the blend of Bis-GMA/TEGDMA (70%/30%, wt) was then prepared as 3D printing resin. As shown in Table 1.3, 6HF-based PISs were studied in two monomer systems – a blend of Bis-GMA/TEGDMA (70%/30%, wt) and trimethylolpropane triacrylate (TMPTA) alone. In photopolymerization of the blend of Bis-GMA/TEGDMA, additive combinations Iod/NPG and Iod/EDB in the presence of 6HF gave the highest double bond conversion of methacrylates (FCt = 100 s(6HF/Iod/NPG) = 78.4%, FCt = 100 s(6HF/Iod/EDB) = 56.6%) (Table 1.3). While using TMPTA as monomers, Iod/4-DPPBA and Iod/NPG are two efficient additive combinations in the presence of 6HF (FCt = 100 s(6HF/Iod/4-DPPBA) = 43%, FCt = 100 s(6HF/Iod/NPG) = 40%) (Table 1.3). This is ascribed to the viscosity of the blend of Bis-GMA/TEGDMA. Viscous monomer prevents oxygen diffusion and reduces oxygen inhibition in free radical polymerization [40].
 
                  
                    [image: ]
                      Figure 1.1: Photopolymerization of Bis-GMA/TEGDMA (70%/30%, wt, thickness = 1.4 mm) (FC vs. time) under air in presence of (a) flavone derivatives/NPG and (b) 6HF/additives upon exposure to LED@405 nm and/or LED@385 nm [38]. Reproduced with permission from [38]. Copyright 2020 Wiley Periodicals, Inc.

                   
                  
                    
                      Table 1.3:Photopolymerization of Bis-GMA/TEGDMA (70%/30%, wt, thickness = 1.4 mm) at 100 s and TMPTA (thickness = 25 µm) under air at 200 s in the presence of flavone derivatives and diverse additive combinations upon exposure to LED@405 nm [24, 38].

                    

                                
                          	 
                          	Additives 
  
                          	PI 
                          	NPG 
                          	Iod 
                          	EDB 
                          	Iod/NPG 
                          	Iod/EDB 
                          	Iod/4-DPPBA 
   
                          	3HF(DRa) 
                          	71% 
                          	– 
                          	– 
                          	79% 
                          	17%b 
                          	– 
  
                          	6HF(DRa) 
                          	43% 
                          	36.3% 
                          	4% 
                          	78.4% 
                          	56.6% 
                          	– 
  
                          	6HF(TMPTA) 
                          	7.4% 
                          	0c 
                          	0 
                          	40%c 
                          	17.5%c 
                          	43%b,c 
 
                    

                    
                      
                        a: DR: dental resin, Bis-GMA/TEGDMA (70%/30%, wt)

                      

                      
                        b: irradiation at 385 nm

                      

                      
                        c: in laminate

                      

                    

                  
 
                 
                
                  3D printing
 
                  After confirming the components of 3D printing resin, the 3HF/NPG (0.5%/1%, wt) and 6HF/Iod/4-DPPBA that demonstrated high initiation efficiency to methacrylates were used as PISs in 3D printing. Figure 1.2 presents 3D printed objects and their characterization by numerical optical microscopy. Figure 1.2(A, B) show the 3D printed logo “natural.” The thickness of the 3D printed object is 1.9 mm according to profilometry of numerical optical microscopy (Figure 1.2(C)). Figure 1.2(a, b) show the 3D printed letter “n” and a cube. The thickness of the 3D printed “n” is 30 μm, and the thickness of the 3D printed cube is 1.8 mm, according to profilometry of numerical optical microscopy (Figure 1.2(c, d)). Among presented flavone derivatives, 3HF/NPG, 3HF/Iod/NPG and 6HF/Iod/NPG and 6HF/Iod/4-DPPBA are promising PISs for 3D printing.
 
                  
                    [image: ]
                      Figure 1.2: 3D printed object using 3HF/NPG (A-C) and 6HF/Iod/4-DPPBA (a-d) under irradiation of LED@405 nm [24, 38]. Adapted with permission from [24, 38]. Copyright 2018 American Chemical Society and Copyright 2020 Wiley Periodicals, Inc.

                   
                 
               
              
                1.1.1.2 Coumarin-derivative-based photoinitiating systems
 
                
                  Photophysical properties
 
                  Various coumarin derivatives have been explored as UV-sensitive or blue-light-sensitive photoinitiators for both free radical and cationic polymerization [41, 42]. An oxime-ester coumarin has also been introduced to upconversion nanoparticles as a near-infrared photoinitiator for free radical polymerization [43]. The coumarin derivatives shown in Scheme 1.2 have turned out to be efficient in blue-light-initiating 3D printing technology [44, 45]. As presented in Table 1.4, the most listed coumarin derivatives exhibit light absorption maxima above 400 nm (except for λmax(KC-E) = 343 nm, λmax(KC-G) = 294 nm and λmax(KC-H) = 349 nm). Even though KC-E and KC-G presented light absorption maxima in UV range, their light absorption profile contained a tail above 400 nm [44]. The order of magnitude of the extinction coefficients at their absorption maxima (for all) and at 405 nm is 4 (for all but ε405 nm(KC-E) = 260 M−1 cm−1, ε405 nm(KC-G) = 160 M−1 cm−1 and ε405 nm(KC-H) = 3,260 M−1 cm−1) (Table 1.4). A few possible effects of functional group on absorption maxima in UV range can be discovered from Scheme 1.2 and Table 1.4: comparing KC-F with KC-G, the diethyl amine substitution in KC-F can red shift the light absorption profile; when comparing KC-C and KC-E, the methoxyl group instead of diethyl amine group offers the same results as KC-C in blue shifting; all three compounds with absorption maxima in UV range are in the absence of diethyl amine substitution (KC-E, KC-G and KC-H) at coumarin moiety. A reasonable deduction is that the presence of diethyl amine substitute in KC-C and KC-F can induce red-shifted light absorption.
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                      Scheme 1.2: Chemical structures of coumarin derivatives.

                   
                  
                    
                      Table 1.4:Light absorption properties of coumarin derivatives: maximum absorption wavelength (λmax), molar extinction coefficients at λmax and at the maximum LED@405 nm emission wavelengths (ε405 nm) of irradiation sources.

                    

                              
                          	PI 
                          	λmax (nm) 
                          	εmax (M−1 cm−1) 
                          	ε405 nm (M−1 cm−1) 
                          	ref 
   
                          	CoumA 
                          	421 
                          	35,200 
                          	30,600 
                          	[45] 
  
                          	CoumB 
                          	405 
                          	28,100 
                          	28,100 
                          	[45] 
  
                          	Coum-A1 
                          	432 
                          	29,770 
                          	21,600 
                          	[44] 
  
                          	Coum-B1 
                          	407 
                          	23,250 
                          	23,200 
                          	[44] 
  
                          	KC-C 
                          	422 
                          	39,060 
                          	31,730 
                          	[44] 
  
                          	KC-D 
                          	423 
                          	31,380 
                          	24,810 
                          	[44] 
  
                          	KC-E 
                          	343 
                          	17,590 
                          	260 
                          	[44] 
  
                          	KC-F 
                          	416 
                          	35,440 
                          	32,420 
                          	[44] 
  
                          	KC-G 
                          	294 
                          	18,740 
                          	160 
                          	[44] 
  
                          	KC-H 
                          	349 
                          	22,370 
                          	3,260 
                          	[44] 
 
                    

                  
 
                 
                
                  Photoinitiation abilities
 
                  Photoinitiation abilities of coumarin derivatives (Scheme 1.2) in the presence of Iod and/or NPG were illustrated via polymerization of TMPTA (thickness = 1.4 mm) under air with irradiation of LED@405 nm (Table 1.5). For two-component PISs (with Iod or NPG), Coum-A1 and KC-H are ineffective (no polymerization detected) for free radical polymerization of TMPTA under the stated conditions (Table 1.5 caption). This can be ascribed to photoinitiation abilities – the limited light penetration due to the thickness of sample and the oxygen inhibition effect due to the under air condition – which was validated by the fact that the same PISs (Coum-A1/Iod, Coum-A1/NPG and KC-H/NPG) can effectively initiate polymerization of TMPTA (thickness = 25 μm) in laminate [44].
 
                  
                    
                      Table 1.5:Functional group conversion of TMPTA for 100-s irradiation and Bis-GMA/TEGDMA (70%/30%, wt) for 150-s irradiation under air upon exposure to LED@405 nm in the presence of coumarin-derivative-based PISs (PI: 0.2 wt%, Iod: 1 wt%, NPG: 1 wt%; thickness = 1.4 mm) [44, 45].

                    

                                
                          	PI 
                          	Monomer + additives 
  
                          	 
                          	TMPTA 
                          	Bis-GMA/TEGDMA 
  
                          	
                          	Iod 
                          	NPG 
                          	Iod/NPG 
                          	Iod 
                          	NPG 
                          	Iod/NPG 
   
                          	CoumA 
                          	45% 
                          	n.p.a 
                          	81% 
                          	36% 
                          	n.p.a 
                          	69% 
  
                          	CoumB 
                          	58% 
                          	n.p.a 
                          	93% 
                          	57% 
                          	n.p.a 
                          	74% 
  
                          	Coum-A1 
                          	n.p.a 
                          	n.p.a 
                          	n.p.a 
                          	– 
                          	– 
                          	– 
  
                          	Coum-B1 
                          	– 
                          	– 
                          	79% 
                          	– 
                          	– 
                          	– 
  
                          	KC-C 
                          	67% 
                          	77% 
                          	83% 
                          	– 
                          	– 
                          	– 
  
                          	KC-D 
                          	62% 
                          	71% 
                          	82% 
                          	– 
                          	– 
                          	– 
  
                          	KC-E 
                          	37% 
                          	86% 
                          	86% 
                          	– 
                          	– 
                          	– 
  
                          	KC-F 
                          	69% 
                          	82% 
                          	86% 
                          	– 
                          	– 
                          	– 
  
                          	KC-G 
                          	n.p.a 
                          	78% 
                          	83% 
                          	– 
                          	– 
                          	– 
  
                          	KC-H 
                          	n.p.a 
                          	n.p.a 
                          	n.p.a 
                          	– 
                          	– 
                          	– 
 
                    

                    
                      
                        an.p.: no polymerization

                      

                    

                  
 
                  As for PISs of coumarin derivatives in the presence of Iod (Table 1.5), KC-E/Iod PIS-initiated polymerization of TMPTA ended at 100 s with FC = 37%; CoumA/Iod PIS gave increase in FC of TMPTA to 45%; KC-G/Iod led to no polymerization initiation. The other two-component PISs (CoumB/Iod, KC-C/Iod, KC-D/Iod and KC-F/Iod) brought FC within the range of ∼58% to ∼70%. In addition to Iod, NPG was also investigated as an additive to coumarin derivatives. As presented in Table 1.5. Thiophene (derivatives)-substituted coumarins, CoumA or CoumB, in the presence of NPG showed no effect on polymerization of TMPTA (FC = 0%) (Table 1.5). Benzophenone (derivatives)-substituted coumarins, KCs, presented more efficient photoinitiation abilities with NPG, compared to Iod (Table 1.5). NPG, in place of Iod, increased FC of TMPTA by ∼10% for KC-C, KC-D and KC-F, while it increased FC incredibly for KC-E-based two-component PIS in TMPTA by 49%, and for KC-G-based two-component PIS in TMPTA, from no polymerization to FC = 78% (Table 1.5).
 
                  When combining Iod and NPG with coumarin derivatives as three-component PISs, the presence of two additives enhanced photoinitiation abilities of coumarin derivatives or at least retained the effectiveness, when using corresponding two-component PISs (Table 1.5). All coumarin-derivative-based three-component PISs, except for Coum-A1- and KC-H-based PISs, can efficiently initiate polymerization of TMPTA. As for CoumB/Iod/NPG in Table 1.5, the FC(TMPTA) = 93%. Other effective coumarin-derivative-based three-component PISs can initiate photopolymerization of TMPTA with high double bond conversions from 79% to 86% (Table 1.5).
 
                 
                
                  3D printable resins and 3D printing
 
                  Besides TMPTA, the blend of Bis-GMA/TEGDA (70%/30%, wt) was also used for 3D printing with coumarin-derivative-based PISs. As shown in Table 1.5, Iod-added CoumA- and CoumB-based two-component PISs can effectively initiate polymerization of Bis-GMA/TEGDA (FC(CoumA/Iod)t = 100 s = 36%; FC(CoumB/Iod)t = 100 s = 57%). Although another additive, NPG, has no effect on CoumA- and CoumB-based two-component PISs initiating polymerization of Bis-GMA/TEGDA (70%/30%, wt), the addition of NPG can enhance the CoumA or CoumB/Iod PIS photoinitiation abilities (Table 1.5). Specifically, the double bond conversions of Bis-GMA/TEGDMA are 69% and 74% for CoumA/Iod and CoumB/Iod, respectively, in the presence of NPG, while they are 36% and 57% correspondingly in the absence of NPG (Table 1.5). With the results of polymerization of TMPTA and Bis-GMA/TEGDMA, further letter patterns are 3D printed using LED@405 nm under air. The letter patterns shown in Figure 1.3 used two- and three-component PISs (CoumA(B)/Iod, CoumA(B)/Iod/NPG, KC-C/NPG and KC-C(D)/Iod/NPG) to initiate 3D photocuring of TMPTA and Bis-GMA/TEGDMA; and the thickness of the 3D printed patterns range from 1,590 μm to 3,200 μm (Figure 1.3). All thick patterns were completely printed within 1 min [44, 45].
 
                  
                    [image: ]
                      Figure 1.3: Characterization of 3D printed object by numerical optical microscopy using CoumA- and CoumB-based PISs (A-I) and KCs-based PISs (a-c) under irradiation of LED@405 nm: (A) CoumB/Iod/NPG (0.012%/0.061%/0.061% w/w) in Bis-GMA/TEGDMA (thickness = 1,880 µm); (B) CoumA/Iod/NPG (0.025%/0.125%/0.125% w/w) in Bis-GMA/TEGDMA (thickness = 2,200 µm); (C) CoumA/Iod (0.04%/0.2% w/w) in (3,4-epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX)/TMPTA (thickness = 2,340 µm); (D) CoumA/Iod (0.05%/0.25% w/w) in TMPTA (thickness = 2,420 µm); (E) CoumB/Iod (0.015%/0.077% w/w) in BisGMA/TEGDMA (thickness = 2,460 µm); (F) CoumA/Iod (0.04%/0.2% w/w) in TMPTA (thickness = 2,840 µm); (G) CoumB/Iod/NPG (0.018%/0.091%/0.091% w/w) in TMPTA (thickness = 2,400 µm); (H) CoumA/Iod/NPG (0.02%/0.1%/0.1% w/w) in TMPTA (thickness = 3,200 µm); (I) CoumB/Iod (0.05%/0.025% w/w) in TMPTA (thickness = 2,620 µm); (a) KC-D/Iod/NPG (0.02%/0.1%/0.1% w/w) in TMPTA (thickness = 2,220 µm); (b) KC-C/Iod/NPG (0.016%/0.083%/0.083% w/w) in TMPTA (thickness = 2,220 µm); and (c) KC-C/NPG (0.025%/0.125% w/w) in TMPTA (thickness = 1,590 µm) [44, 45]. Adapted with permission from [44, 45]. Copyright 2020 Wiley Periodicals, Inc. and Copyright 2019 The Royal Society of Chemistry.

                   
                 
               
             
            
              1.1.2 Carbazole-derivative-based photoinitiating systems
 
               Some commonly used coinitiators or their derivatives later turned out to be efficient PIS (e.g., NPG derivative: N-phenylglycine-o-carboxylic acid) [33]. A well-known coinitiator for cationic polymerization initiation is a carbazole derivative (i.e., N-vinyl-carbazole (NVK)) [31, 36]. A series of carbazole derivatives have been reported as efficient one-photon PIs and two-photon PIs that initiate polymerization [46, 47]. Recently, some carbazole derivatives were reported as efficient PIs for 3D printing (Scheme 1.3) [48, 49, 50, 51]. All the presented carbazole derivatives illustrate absorption maxima in UV range (Figure 1.4).
 
              
                [image: ]
                  Scheme 1.3: Chemical structures of investigated carbazole derivatives.
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                  Figure 1.4: Light absorption maxima and extinction coefficients at maxima of carbazole derivatives (bubble size: extinction coefficient) [48, 49, 50, 51].

               
              
                1.1.2.1 Carbazole-oxime-esters: for both one-photon and two-photon 3D printing
 
                Carbazole-oxime-esters (4a–4d) (Scheme 1.3) showed light absorption at 405 nm (Figure 1.4), and the oxime-ester moiety provides them with the capability of two-photon polymerization (TPP) initiation [52, 53]. The free radical of 4d trapped by PBN was generated by light excitation, indicating that investigated carbazole-oxime-esters can initiate polymerization as a one-component PI [52].
 
                These four compounds as one-component PIs can efficiently initiate polymerization of TMPTA/ethoxylated trimethylolpropane triacrylate (TMP3EOTA) (1:1, equality of functional groups) upon LED@405 nm (45 mW cm−2) in the absence of air (double bond FC: 40%–60%) [52]. Among these, 4b and 4d were comparable to 2,4,6-trimethylbenzoyldiphenyl phosphine oxide (TPO) [52]. 4d was chosen as PI for one-photon digital light process (DLP) 3D printing (Figure 1.5). The resolution of 3D printed deer figurine (Figure 1.5(a)) is 50 μm [52]. The deer were printed in high fidelity, which is validated by the vertical view of deer antler in Figure 1.5(b). Figure 1.5(c, d) reveal the deviation between printed object and designed model. According to the color band in Figure 1.5(d), the green part indicates the deviation is within ± 0.1 mm. The more reddish and the more bluish mean that the absolute deviation is larger. Therefore, it was proved that 4d could produce a precise 3D printed object, limiting the deviation to 0.1 mm.
 
                
                  [image: ]
                    Figure 1.5: (a) 3D printing model of deer; (b) the vertical view of the printed object; (c) 3D printing model of plant; and (d) 3D scanning picture (4d was used as PI, the wavelength of printer source is 405 nm, and the coin diameter is 25 mm) [48]. Adapted with permission from [48]. Copyright 2020 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim.

                 
                As for two-photon 3D printing initiated by carbazole-oxime-esters, the σ2PA of 4a–4d at 800 nm was investigated via z-scan technique [52]. Due to presence of the electron donating group (EDG) and electron withdrawing group (EWG) in carbazole-oxime-ester structure, the two-photon cross section (σ2PA, 800 nm) of 4a–4d are higher than a reported efficient two-photon PI, and the laser transmittance of 4d in chloroform is the highest among the same concentration of 4a–4d [52, 54].
 
               
              
                1.1.2.2 Other carbazole derivatives: for one-photon 3D printing
 
                In Scheme 1.3, the other compounds (i.e., A1–A4, Cd1–Cd7 and C1–C4) are used in multicomponent PISs. Their light absorption maxima present within UV range of 320 nm–390 nm (Figure 1.4). However, they illustrate light absorption at 405 nm with other magnitude of molar extinction coefficients from 2 to 5 (except for Cd2 and Cd6 in Figure 1.4), which is the irradiation wavelength of the projector in the 3D printer that is used [49, 50, 52, 55].
 
                As for free radical polymerization, the photocuring of acrylate (TMPTA) in the presence of Iod and/or EDB as well as methacrylates (Bis-GMA/TEGDMA) in the presence of Iod mostly occurred (Table 1.6). While using two-component PISs, the FC of TMPTA is from 0% to 58% (Table 1.6). The A3/Iod (FCt =100s = 58%), Cd7/Iod (FCt =100s = 57%) and C2/Iod (FCt =100s = 56%) are the most efficient two-component PISs in each group (Table 1.6). When EDB, instead of Iod, was added as the coinitiator in two-component PISs, the FC of TMPTA were less than or, at most, similar to the FC of TMPTA using Iod as the coinitiator (Table 1.6). The FC difference between PI/Iod and PI/EDB was from 0% (C3/Iod and C3/EDB) to 19% (A2/Iod and A2/EDB) (Table 1.6). While using three-component PISs in addition to EDB to Iod, the FCs of TMPTA were enhanced for all presented PISs (Table 1.6). While using Bis-GMA/TEGDMA (70%/30%, wt) instead of TMTPA, the double bond conversion of methacrylate improved by ∼10% for A2/Iod and Cd1/Iod (Table 1.6). This might be ascribed to less oxygen diffusion due to monomer viscosity [40].
 
                
                  
                    Table 1.6:Photopolymerization of EPOX, acrylates (TMPTA) and methacrylate (Bis-GMA/TEGDMA) upon exposure to LED@405 nm (110 mW cm−2) under air for 100 s, unless otherwise noted [48, 49, 50, 51].

                  

                             
                        	 
                        	Monomer + additives 
  
                        	 
                        	EPOX 
                        	Bis-GMA/TEGDMA 
                        	TMPTA 
  
                        	PI 
                        	Iod 
                        	Iod 
                        	Iod 
                        	NPG 
                        	Iod/NPG 
   
                        	A1 
                        	47% a 
                        	n.p.b,c 
                        	23% d 
                        	15% d 
                        	47% d 
  
                        	A2 
                        	55% a 
                        	65% c 
                        	50% d 
                        	31% d 
                        	56% d 
  
                        	A3 
                        	55% a 
                        	– 
                        	58% d 
                        	48% d 
                        	62% d 
  
                        	A4 
                        	50% a 
                        	 
                        	57% d 
                        	– 
                        	– 
  
                        	Cd1 
                        	44% 
                        	57% c 
                        	46% d 
                        	– 
                        	– 
  
                        	Cd2 
                        	n.p. b 
                        	n.p. b,c 
                        	n.p. b,d 
                        	– 
                        	– 
  
                        	Cd3 
                        	41% 
                        	– 
                        	34% d 
                        	– 
                        	– 
  
                        	Cd4 
                        	27% 
                        	– 
                        	34% d 
                        	– 
                        	– 
  
                        	Cd5 
                        	30% 
                        	– 
                        	43% d 
                        	– 
                        	– 
  
                        	Cd6 
                        	– 
                        	– 
                        	28% d 
                        	– 
                        	– 
  
                        	Cd7 
                        	44% 
                        	60% 
                        	57% d 
                        	– 
                        	– 
  
                        	C1 
                        	76% a 
                        	– 
                        	46% d 
                        	50% d 
                        	– 
  
                        	C2 
                        	50% a 
                        	43% c 
                        	56% d 
                        	50% d 
                        	57% d 
  
                        	C3 
                        	58% a 
                        	– 
                        	49% d 
                        	49% d 
                        	– 
  
                        	C4 
                        	70% a 
                        	– 
                        	50% d 
                        	49% d 
                        	57% d 
 
                  

                  
                    
                      a: no polymerization

                    

                    
                      b: t = 800 s

                    

                    
                      c: thickness = 1.4 nm

                    

                    
                      d: in laminate

                    

                  

                
 
                Although the free radical polymerization of TMPTA and Bis-GMA/TEDGMA showed good efficiency with investigated two- or three-component carbazole-derivatives-based PISs, the shrinkage effect of polymerization is due to the nature of methacrylates and acrylates [56, 57]. On the contrary, cationic polymerization of EPOX is a ring-opening polymerization that shows little shrinkage [58]. Hence, cationic polymerization of EPOX upon exposure to LED@405 nm under air was performed, and the efficiency order of carbazole derivatives was: C1 > C4 > C3 > C2 > A2∼A3 > A4∼A1 > Cd7∼Cd1 > Cd3 > Cd5 > Cd4 > Cd6∼Cd2 (Table 1.6), which aligns with light absorption properties (Figure 1.4) of ε405 nm(Cd2) = 0 M−1 cm−1 and ε405 nm (Cd6) = 0 M −1 cm−1. Therefore, two-component PISs in the presence of Iod (1 wt%) with A3, Cd7 or C2 (0.5 wt%) were then set as PISs for 3D printing [49, 50, 55]. EPOX was used in 3D printing due to its less shrinkage during polymerization, unlike the free radical polymerization of acrylates and methacrylates [58]. The PISs can apply to a thick layer (thickness = 0.5 mm), which can reduce overall printing time due to the smallest number of object layers. Therefore the printing time was within 1 min, even for a 0.5-mm thick 3D printed cube [49, 50, 55].
 
               
             
            
              1.1.3 Charge transfer complexes
 
              A number of charge transfer complexes (CTCs) have been found to be efficient in both visible-light-photoinitiated polymerization – due to their red-shifted light absorption and allowing extremely deep light penetration (i.e., 31 cm in [59]) – as also in thermally initiated polymerization [60, 61, 62, 63, 64]. The well-investigated CTC combination is an [amine-iodonium salt]CTC-([donor-acceptor]CTC) combination (e.g., NPG/Iod) [62]. Chemical structures of discussed CTCs (donors and acceptors) in this chapter are enclosed in Scheme 1.4.
 
              
                [image: ]
                  Scheme 1.4: Chemical structures of donors and acceptors in CTCs.

               
              
                1.1.3.1 Diverse phenylamines and iodonium salts
 
                NPG was found as a group of [NPG-Iod]CTC that can photoinitiate 9-cm-thick monomer composite [33, 62]. The phenyl amines and tertiary amines were investigated in PISs for 3D printing (Am1-Am7 in Scheme 1.4) [59]. As presented in Figure 1.6(a), the obvious red shift was found for [Am1-Iod]CTC through calculation. Meanwhile, the experimental light absorption profiles (Figure 1.6b) also validated that the CTC complex of amine in the presence of Iod ([Am1-Iod]C T C CTC curve 3) exhibits light absorption above 400 nm, up to 550 nm from blue light to green light, while Am1 (curve 1) or Iod (curve 2) alone demonstrate light absorption only within UV range. This might be ascribed to the HOMO located at electron rich N-aromatic amines and LUMO located at iodonium salt, inducing lower HOMO-LUMO gap (i.e., ∆E = 3.13 eV) [33, 59]. Due to the drastic red-shift effect, it allowed application of UV-absorbing PIs to blue-light-triggered 3D printing.
 
                
                  [image: ]
                    Figure 1.6: (a) Optimized (at the UB3LYP/LANL2DZ level) Am1, Iod, and [Am1-Iod]CTC geometries and their respective UV-vis spectra (single point in DCM). (b) Experimental UV-vis [59]. Adapted with permission from [59]. Copyright 2017 American Chemical Society.

                 
                
                  Amines and onium salts: effect on CTC
 
                  As NPG/Iod has been investigated as an efficient CTC complex for photopolymerization initiation [62], Iod was used as model acceptor for amines in the CTC complex study. Among Am1-7, Am1/Iod and Am2/Iod were exceptional for FC of resin 1 (1,4-butanediol dimethacrylate (1,4-BDMA)/hydroxypropyl methacrylate (HPMA)/urethane dimethacrylate oligomer (33%/33%/33%, wt)) and irradiation time (Table 1.8: FCt = 150 s(Am1/Iod) = 77% and FCt = 160 s(Am2/Iod) = 71%). This also aligned with their UV-vis spectra in the presence of Iod: [Am1-Iod]CTC and [Am2-Iod]CTC absorbed the most light at 405 nm in dichloromethane (DCM) (Ams: 29 mM; Iod: 13.8 mM) [59]. It was noted that the Iod2 in CTC complexes presented similar results of FCs as did using Iod (Table 1.8). The author opines that this might be due to the electron donating group (EDG) located on aromatic ring and increasing electron density on aromatic N atom; the electron withdrawing group (EWG), ester group on Am3 diluting the electron density on aromatic N resulted in less red-shift effect and less efficiency on FC and irradiation time (Scheme 1.4 and Table 1.8) [59]. Furthermore, this also aligned with the results of HOMO energy. Am1 and Am2 have the highest HOMO energy among Am1-Am7 (HOMO energy (Am1) = HOMO energy (Am2) = –4.84 eV) (Table 1.7), which gave the lowest HOMO-LUMO gap when using the same acceptor, Iod.
 
                  
                    
                      Table 1.7:Summary of donors (amines) HOMO energies in the presence of Iod and acceptors (onium salts) LUMO energies in the presence of Am1 (calculated at the UB3LYP/LANL2DZ Level) [59].

                    

                                 
                          	Amines 
                          	Am1 
                          	Am2 
                          	Am3 
                          	Am4 
                          	Am5 
                          	Am6 
                          	Am7 
  
                          	HOMO energy (eV) 
                          	−4.84 
                          	−4.84 
                          	−5.61 
                          	−5.01 
                          	−4.95 
                          	−4.90 
                          	−4.93 
  
                          	Onium salts 
                          	Iod 
                          	Iod2 
                          	Iod3 
                          	Iod4 
                          	PSI 
                          	– 
                          	– 
  
                          	LUMO energy (eV) 
                          	−6.15 
                          	−5.71 
                          	−5.71 
                          	−6.53 
                          	−0.95 
                          	– 
                          	– 
 
                    

                  
 
                  As Am1 showed the best efficiency on FC and irradiation time, it was used as model donor in acceptor studies. Studied acceptors (i.e., iodonium salts) are presented in Scheme 1.4. As mentioned, a small HOMO-LUMO gap could induce red-shift effect for CTC complexes. For donors (i.e., amines), high HOMO energy is attractive, and for acceptors, low LUMO energy is preferred. As presented in Table 1.7, theoretically, Iod and Iod4 should be more efficient in CTC systems than Iod2 and Iod3 for their cationic form LUMO energies, which are −6.15 eV and −6.53 eV, respectively. However, the [Am1-Iod2]CTC molecular orbital property showed a localized LUMO, and [Am1-Iod]CTC LUMO was somewhat delocalized [59].
 
                  Although CTC complexes turned out to be super efficient in deep resin photocuring, thermal free radical polymerization and 3D printing [59, 62], migration issues due to PI molecular weight remain serious. Therefore, a macro-acceptor (Scheme 1.4), iodinated polystyrene (PSI), was synthesized and used in CTC complex studies [64]. [Am1-PSI]CTC red-shifted light absorption from range 100–300 nm to range 200–400 nm (λmax = 307 nm) [64]. Irradiation at 405 nm can result in radical generation via bond photoinduced dehalogenation [64].
 
                 
                
                  Photopolymerization and 3D printing
 
                  The photoinitiation abilities of the relevant donor/acceptor/phosphine (1%/2%/1.5%) as PISs were investigated. The photoinitiation abilities of Iod- and Iod2-based CTC complexes are pretty similar in the polymerization of resin 1 upon exposure to LED@405 nm (Table 1.8). As Am1 and Am2 are of similar structure and show similar photoinitiation abilities in CTC complexes of [amine-onium salt]CTC (Table 1.8), and as Am2 is less toxic than Am1 according to manufacturer’s data [59], [Am2-Iod2]CTC was used for the photopolymerization and 3D printing. 4-(Diphenylphosphino)styrene (4dpps) was a phosphine additive in addition to CTC complex ([Am2-Iod2]CTC) for photopolymerization of resin 1, which shortened the polymerization time from 100 s to 50 s [59]. With Am2/Iod2/4dpps, depth of photopolymerization was investigated with resin 1 and resin 2 (Bis-GMA/TEGDMA: 70%/30%, wt).
 
                  
                    
                      Table 1.8:Photopolymerization double bond FC of resin 1 under air in the presence of amine and Iod or Iod2 upon exposure to LED@405 nm [59].

                    

                                 
                          	Donor 
                          	Am1 
                          	Am2 
                          	Am3 
                          	Am4 
                          	Am5 
                          	Am6 
                          	Am7 
  
                          	Accepter 
                          	Iod 
   
                          	FC (%) 
                          	77 
                          	71 
                          	57 
                          	44 
                          	62 
                          	54 
                          	63 
  
                          	Irradiation time (s) 
                          	150 
                          	160 
                          	800 
                          	639 
                          	385 
                          	800 
                          	540 
  
                          	Acceptor 
                          	Iod2 
  
                          	FC (%) 
                          	~80 
                          	~70 
                          	~51 
                          	~40 
                          	~60 
                          	~49 
                          	~62 
  
                          	Irradiation time (s) 
                          	~170 
                          	~180 
                          	80 
                          	~630 
                          	~400 
                          	800 
                          	~700 
 
                    

                  
 
                  According to Raman analysis, the sample depth at 9 cm was of FC(C =C) = ∼40% for resin 2 within 10 min and of FC(C =C) = ∼60% for resin 1 within 12 min [59]. Moreover, the deepest cured sample in the presence of Am2/Iod2/4dpps for resin 2 is 31 cm [59]. Such deep photocuring ability provides a broad avenue for application optimization (e.g., shortening 3D printing time). Using PSI as acceptor, Am1-based CTC complex, in the absence of phosphine additive, can result in double bond conversion of TMPTA of 40% at irradiation time of 100 s [64].
 
                  With the same PISs (Am2/Iod2/3dpps: 1%/2%/1.5% and Am1/PSI: 0.5%/1%, wt), laser-written thick “CTC” and letter “P” were successfully printed in 200-μm and 96-μm thickness, respectively (laser diode at 405 nm) [59, 64]. The spatial resolution of “CTC” was pretty good as the pattern edge width was only 54 μm [59].
 
                 
               
              
                1.1.3.2 Phosphines instead of amines as donors
 
                As mentioned in amine-based donors in CTC complexes, a phosphine additive (i.e., 4dpps) was used in PISs [59]. Due to lone pairs, phosphine-atom and nitrogen-atom are promising electron-rich centers (e.g., NPG, Am1 and Am2) [59, 62]. Several phosphine-centered compounds were investigated as donors in CTC complexes (Scheme 1.5) [65]. [Phosphine-Iod2]CTC complexes can red-shift light absorption. Among three CTC complexes with Iod2 as acceptor, ∆E([2DPP1NA-Iod2]CTC) = 3.29 eV was the highest, which aligned with its light absorption profile and absorption maxima that its red-shifted light absorption is the closest to UV range (i.e., the least extent of red-shift) [65]. Other [phosphine-Iod2]CTC complexes can red-shift light absorption from UV range to visible light range (blue or green) (e.g., λmax(Iod2) = 277 nm; λmax([DMAPDP-Iod2]CTC) = 320 nm, 393 nm and 564 nm) due to reduction of HOMO-LUMO gap (Table 1.9) [65]. Hence, 2DPPBA and DMAPDP were involved in studies of Bis-GMA/TEGDMA (70%/30%, wt) photopolymerization.
 
                
                  
                    Table 1.9:Summary of HOMO and LUMO energies of phosphines in the absence and the presence of Iod2 (calculated at the UB3LYP/LANL2DZ Level) [65].

                  

                           
                        	Amines 
                        	2DPPINA 
                        	2DPPBA 
                        	DMAPDP 
   
                        	HOMO energy (eV) 
                        	−5.99 
                        	−5.96 
                        	−5.12 
  
                        	LUMO energy (eV) 
                        	−1.99 
                        	−1.85 
                        	−0.44 
  
                        	∆E (eV) 
                        	4 
                        	4.11 
                        	4.68 
  
                        	Absorption maxima (nm) 
                        	261, 350 
                        	261, 350 
                        	244, 273, 288 
  
                        	 
                        	+Iod2 
  
                        	HOMO energy (eV) 
                        	−8.24 
                        	−7.84 
                        	−7.21 
  
                        	LUMO energy (eV) 
                        	−4.95 
                        	−5.22 
                        	−4.871 
  
                        	∆E (eV) 
                        	3.29 
                        	2.62 
                        	2.34 
  
                        	Absorption maxima (nm) 
                        	327, 365, 405 
                        	307, 399, 486 
                        	320, 393, 564 
 
                  

                  
                    
                      1cationic form

                    

                  

                
 
                For the photopolymerization of 1.4-mm-thick Bis-GMA/TEGDMA (70%/30%, wt) under air, with irradiation at 405 nm, photoinitiation ability of [2DPP1NA-Iod2]CTC with low concentration (donor/acceptor: 0.5%/0.5%, wt) was better than [DMAPDP-Iod2]CTC on double bond FC (FCt = 100s ([2DPP1NA-Iod2]CTC) = 70%, FCt = 100s ([DMAPDP-Iod2]CTC) = 40%)[65]. Addition of concentration of [donor-acceptor]CTC for [2DPP1NA-Iod2]CTC prompted a few double bond FCs, while that for [DMAPDP-Iod2]CTC (2%/2%, wt) increased double bond FCs by ∼40%, similar to FC initiated by [2DPP1NA-Iod2]CTC (0.5%/0.5%, wt).
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