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Abstract: The development of novel visible light photoinitiators (PIs) 

with low mobility for 3D printing will open up new applications for 

photopolymerization. In this work, a polymerizable visible light PI 

(DCCA) containing an oxime acryloyl ester structure was designed 

and synthesized. Its linear absorption has a maximum in the visible 

region (400-480 nm), overlapping well with the emission spectra of 

conventional blue light sources, and it can effectively induce acrylate 

polymerization under irradiation with a 450 nm LED lamp. In addition, 

migration of DCCA is very low in the 3D printed samples is very low 

compared with DCCB, which has a similar structure but a phenyl 

moiety instead of the copolymerizable acrylate as the oxime ester 

group. The utility of DCCA in 3D printing was demonstrated the 

printing of a 3D object with challenging geometric features with high 

resolution and accuracy. 

Introduction 

3D printing, also known as an "additive manufacturing 

technology", is an emerging processing method and has begun to 

evolve into the next generation of manufacturing technology [1, 2]. 

Recently, the 3D printing technology has even be extended to the 

so-called 4D printing, where the 3D printed structure can change 

its configuration or function with time in response to an additional 

external stimuli, thereby offering novel applications [3]. 3D printing 

is expected to change the industry and completely change 

traditional manufacturing processes. Among 3D printing 

processes, the digital light processing (DLP) 3D printing is salient 

for its fast manufacturing speed and high manufacturing accuracy. 

In addition, it provides an outstanding quality of the additive 

manufacturing process due to its excellent resolution and 

precision compared to other printing technologies [4]. DLP 3D 

printing, involving layer-by-layer rapid photopolymerization of 

photosensitive liquid resin to solid polymer, makes use of the 

outstanding features of photopolymerization, such as cure on-

demand with spatial control of the curing process and energy 

savings and therefore has attracted much public attention in 

recent years [5-7]. Many applications have been developed in a 

wide rage of uses, such as personalized consumables, dental 

materials, food production, biomaterials, tissue engineering etc. [1, 

8-11]. 

 

In photochemical based 3D printing, the photosensitive system 

mainly consists of monomers, oligomers and photoinitiators. 

Under irradiation, radicals or cations generated from 

photoinitiators initiate the monomer/oligomer polymerization. 

However, it should be emphasized that due to its low molecular 

weight, a non-reacted photoinitiator remaining in the cured 

material has a strong tendency to migrate over time out of the 3D 

objects [11]. Low molecular weight photoinitiators or sensitizers 

together with their photoproducts are, according to its 

toxicological properties potentially harmful to human beings. For 

example, traces of the commercial photoinitiator 

isopropylthioxanthone (ITX) have been detected some years ago 

in milk which was in contact with UV-cured ink on the outside of 

the package, containing non-reacted ITX. This incident has 

caused serious economic losses [12, 13] and, especially for UV 

curable printing inks, extractables have become a major issue and 

are under sever control by both public regulation [14] as well as 

internal working standards of the major companies [15] engaged in 

food packaging application. With the development of the 3D 

printing, manufacturing technology has gradually transformed 

from prototype manufacturing to end-use product printing. With 

the increasing use of 3D printed objects by consumers, migration 

properties of photoinitiators from these objects will quickly 

become a critical safety issue, and suitable solutions to reduce 

migration will be crucial for the final success of this technology 

especially in applications such as bioprinting [16, 17]. Therefore, we 

have decided to focus in this study on low extractables in 3D 

printing applications. 

 
In order to improve the safety of curable materials regarding 

extractables, several strategies have been developed. One 

method is to graft the low molecular weight photoinitiators onto 

the chain of a macromolecular molecule in order to obtain 

polymeric photoinitiators [18, 19]. These polymeric photoinitiators 

have low migration properties which can be attributed to their 

higher molecular weight. However, compared to their 
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corresponding low molecular weight analogues, the initiation 

efficiency is usually greatly reduced as a consequence of the 

lower nobility of the initiating species. Another related strategy is 

to graft photoinitiators, such as benzophenone derivatives, on the 

surface of inorganic nanoparticles to prepare nano-photoinitiators, 

but the UV absorption wavelengths of the reported samples are 

in the ultraviolet region, which does not meet the current 

requirements regarding working safety [20, 21]. In recent years, 

some photoinitiators decorated by polymerizable groups have 

been reported [22-24]. Thomas Griesser [25] and co-workers 

designed two type I photoinitiators substituted by alkyne groups, 

which can participate in thiol/alkyne addition reactions, and thus 

show low migration properties in such formulations. Zhao [22] 

prepared a bifunctional polymerizable photoinitiator by 

introducing two acrylate groups onto a cyclopentanone derivative. 

This kind of initiators remaining in the photosensitive resin system 

can participate in a free radical polymerization, much like 

“monomers”. However, all migration tests of the reported low-

migration PIs were performed on samples cured with medium-

pressure or high-pressure mercury lamps and using a large 

radiation dose. These curing conditions do not correspond to 

those usually applied in a 3D printing unit, and the results are thus 

not applicable to DLP 3D printing and LED photo-curing with non-

hazardous light. Therefore, exploring the migration of novel 

photoinitiators in 3D printed objects with the goal to identify low-

migrating derivatives is crucial for the successful development of 

this manufacturing technique for use in commercial applications. 

However, it is obvious that solution developed to reduce migration 

in 3D printed objects can also be applied to other applications 

such as UV-curable printing inks, UV inkjet printing or coating 

applications. 

 

In this paper we report a visible LED light sensitive 

unimolecular coumarin-based oxime ester photoinitiator 

(DCCA) containing a polymerizable acrylic double bond, a 

structure that was designed and synthesized in this study for 

the first time. Photophysical properties, initiation efficiency 

and thermal stability of DCCA were investigated by UV-Vis 

spectroscopy, fluorescence spectroscopy and TGA analysis, 

respectively. The use of DCCA in 3D printing was 

demonstrated by the DLP printing of the complex “Jiangnan 

University” emblem model with high resolution. Then, the 

migration properties of DCCA in these 3D printed object was 

investigated and compared with DCCB, a photoinitiator with 

similar structure but without a copolymerizable group. 

Results and Discussion 

 

Scheme 1. Synthesis route of DCCA and DCCB. 

Synthesis  

The new coumarin-based oxime ester photoinitiators DCCA and 

DCCB were synthesized in 4 steps (Scheme 1). A first 

intermediate (a diethylamino substituted coumarin derivative) was 

obtained by Knoevenagel condensation of diethyl malonate and 

4-(diethylamino)-salicylaldehyde. Without purification, this 

intermediate was hydrolyzed with HCl/AcOH to give compound 1. 

Then, the 3-position of the coumarin derivative 1 was 

functionalized via Vilsmeier-Haack reaction, followed by 

recrystallization, to give compound 2. Next, in the presence of 

anhydrous sodium acetate, 2 was reacted with hydroxylamine 

hydrochloride to give the oxime 3. Finally, DCCA and DCCB, the 

two coumarin-based photoinitiators, were prepared from 3 via 

esterification with the corresponding acid chlorides. 

 

Photophysical Properties 

The UV-Vis absorption spectra of DCCA and DCCB in acetonitrile 

are presented in Figure 1. These two coumarin derivatives show 

similar absorbance with high molar extinction coefficients 

between 400 and 480 nm. Absorption maxima are located at 436 

nm, since both compounds share the same coumarin 

chromophores. Although the ester substituents of DCCA and 

DCCB are different, they do not participate in the conjugated 

structure of the principal chromophore and therefore do not 

significantly influence the coumarin chromophore. However, 

compared to DCCB, DCCA has a slightly lager molar extinction 

coefficient at the maximum wavelength of 436 nm (shown in 

Table 1). It can be seen that while the terminal ester substituents 

of the oxime ester do not influence significantly the shape of the 

coumarin absorption, they slightly affect the absorptivity of this 

kind of photoinitiators. 

 

 

Figure 1. UV-vis absorption spectra of DCCA and DCCB in acetonitrile. 

The density functional theory was used to simulate the optimized 

stable structures and electron distributions of the frontier orbitals 

of DCCA and DCCB, together with the orbital energies [26], as 

shown in Figure 2. Electron densities of HOMO and HOMO-1 are 

distributed through the whole coumarin and oxime ester moieties 

of both compounds, while the LUMO levels of both structures are 

mainly localized on the terminal positions of the oxime esters 

(either the acryloyl or benzoyl group). The frontier orbital 

distribution of DCCA and DCCB is similar, and the substituents 



ARTICLE    

3 
 

producing the imitating species (the respective double bond and 

phenyl radicals formed after photocleavage) [27] at the terminal 

position do not show a significant influence on the chromophore. 

Consequently, the energies of the frontier orbitals are similar, and 

the energy demand of the corresponding excitation is alike. 

Therefore, the absorption peaks of DCCA and DCCB in the 

ultraviolet spectrum are similar, too, as shown in Figure 1. 

 

Figure 2. Frontier orbitals of DCCA and DCCB, along with the orbital energies. 

Table 1. Photophysical properties of DCCA and DCCB. 

PIs λmax 

(nm) 

λem 

(nm) 

εmax 

(103 M-1 

cm-1) 

ε450 

(103 M-1 cm-

1) 

Φf
[a] 

DCCA 436 nm 500 51 45 0.581 

DCCB 436 nm 500 40 37 0.527 

[a] Fluorescence quantum yield. 

 

Steady State Photolysis Study 

The photolysis behavior of DCCA was studied under visible 

light. The changes of its UV-Vis spectra were recorded upon 

irradiation with a 405 nm LED lamp at different irradiation 

times. As shown in Figure 3, the photolysis spectra can be 

timewise divided into two stages. Within the first 5 min, the 

maximum absorption peak of DCCA at 436 nm is blue-shifted, 

and this is accompanied by the decrease of absorption 

intensity. Upon prolonged irradiation, the absorption peak 

further decreases and the color of solution in acetonitrile 

gradually fades (as shown by the pictures of the UV cuvettes 

before and after irradiation, inserted in Figure 3). Under these 

prolonged irradiation conditions, the initial peak at 436 nm is 

concomitantly shifted to shorter wavelengths (420 nm). This 

photobleaching property is beneficial for the curing of thick 

layers, because the photolysis products do not absorb visible 

light, allowing the incident light at 405 nm to penetrate deeper 

into the resin. The slow transformation of the short 

wavelength absorption is a strong evidence that the primary 

photoproducts undergo further photochemical 

transformations upon prolonged irradiation. 

 

Figure 3. UV-Vis spectra change of DCCA in acetonitrile under 405 nm LED 

light (I=80 mW/cm2). The inset of DCCA photolysis shows the photobleaching 

phenomenon in the solvent. 

Photopolymerization under Irradiation with Visible LED 

Light 

 

Scheme 2. Structures of oxime-ester PIs (DCCA and DCCB), reference PIs 

(Lucirin TPO, Irgacure 819) and monomers. 

The polymerization kinetics of the oxime ester photoinitiators 

were investigated by RT-FTIR under irradiation with 450 nm LED 

light. The commercial Type I acylphosphine oxide photoinitiators 

Lucirin TPO and Irgacure 819, which are highly efficient visible 

photoinitiators, were selected as reference PIs, and their 

structures are shown in Scheme 2. Figure 4 shows the double 

bond conversion of acrylate (TMPTA) in the presence of DCCA, 

DCCB and the reference photoinitiators. Under 30 mW/cm2, 450 

nm visible LED light irradiation, Irgacure 819 showed the best 

initiation performance among the investigated PIs, with the final 

conversion reaching 65%. The polymerization rate and the final 

conversion of monomers were similar for both novel oxime ester 

photoinitiators DCCA and DCCB. The photoinitiating activity of 

both DCCA and DCCB are lower than that of Irgacure 819, but 

superior to that of the reference compound Lucirin TPO. These 

results are in good agreement with literature reports [27]. After 

photoscission, the commercial photoinitiators, Lucirin TPO and 

Irgacure 819 can produce respectively two and four free radicals, 

and all these radicals are known to be efficient initiating radicals. 
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Therefore, even though their absorption at 450 nm is relatively 

weak, the acylphosphine oxide photoinitiators can still initiate the 

polymerization of monomers efficiently, especially Irgacure 819 

which has a stronger absorption than Lucirin TPO at this 

wavelength. As for oxime-ester PIs, only one active species is 

generated after photocleavage and decarboxylation, due to the 

fact that the iminyl radical formed has only a poor initiation 

efficiency [28, 29]. Nevertheless, the novel coumarin-based oxime 

ester photoinitiators can be advantageously used with the light of 

450 nm, mainly due to their stronger absorbance at this 

wavelength. 

 

Figure 4. Photopolymerization profiles of TMPTA in the presence of DCCA, 

DCCB and reference PIs under irradiation of 450 nm LED light with an intensity 

of 30 mW/cm2, [PIs] = 3 ×10-5 M. 

 

Figure 5. Double bond and thiol conversion of a TMPTA-PETMP formulation 

containing 1 wt.% DCCA under irradiation of 450 nm LED lamp with an intensity 

of 30 mW/cm2. 

In the photopolymerization process of acrylates, the 

polymerization rate is too fast to release internal stress built-up 

during the polymerization in process, which may cause 

deformation of the printed objects and therefore lowers the 

printing accuracy. However, the step-wise thiol-ene “click” 

polymerization can compensate for this deficiency of the free 

radical photopolymerization of acrylates due to its unique features, 

such as low shrinkage stress and the formation of homogenous 

networks. When the thiol monomer PETMP is added to the pure 

acrylate formulation, the double bond conversion of the acylate 

component increases abruptly, up to 83%, as shown in Figure 5. 

The acrylate conversion is considerably higher than the thiol 

conversion, which is strong evidence that besides the 

thiol/acrylate addition reaction also acrylate homopolymerization 

takes place under these curing conditions. 

 

3D Printing 

In order to explore the application of the polymerizable PI in 3D 

printing, DCCA was mixed with PETMP and TMPTA oligomers 

and the resulting formulation used for printing with a digital light 

processing (DLP) printer. Printing conditions were optimized in 

that prototypes of 3D structure were printed on the DLP 3D printer, 

with the curing parameters controlled by software. Using the 

optimized parameters, a 3D logo model of the Jiangnan University 

emblem was finally successfully printed with high resolution using 

the newly polymerizable PI DCCA. As shown in Figure 6(a), the 

words of “Jiangnan University” in the 3D model are clearly visible 

and the edge of the symbol is very sharp. Interestingly, the printed 

objects emit bright green fluorescence under irradiation of 450 nm 

LED lamp (Figure 6b), and the fluorescence of the 3D object is 

basically unchanged after 6 months storage in the dark (Figure 

S1). This is an interesting finding, because this property has great 

application value to fabricate light-emitting devices. 

 

 

Figure 6. (a) Digital photos of 3D printed objects using DCCA a photoinitiator 

using a DLP printer with TMPTA/PETMP (60%/40%, w/w) resin containing 0.3 

wt% DCCA and 0.03 wt% inhibitor. (b) Digital photos 3D printed object by 

irradiated with a 450 nm LED lamp. (c) The fluorescence emission spectra of 
DCCA and DCCB in acetonitrile. 

Fluorescent compounds have a wide range of applications in the 

fields of biological fluorescent probes and biological detection [30]. 

The observed fluorescence must be clearly due to residual non-

reacted photoinitiator (or its copolymerized derivatives) in the 

cured material. In fact, both photoinitiators DCCA and DCCB 
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show strong fluorescence and have high fluorescence quantum 

yields in solution as shown in Figure 6(c) and Table 1, respectively. 

In order to get support for this hypothesis, we explored the 3D 

printed model containing DCCA and the fluorescence stability of 

DCCA in solution under irradiation with a 450 nm LED lamp (I=30 

mW/cm2). It could be demonstrated that with an increase of the 

irradiation time, the fluorescence brightness of the 3D object with 

DCCA as a photoinitiator gradually weakens (Figure 7). After 30 

min of irradiation, fluorescence emitted from the object is still 

detected. Furthermore, the fluorescence emission of DCCA in the 

solution can be quantitatively detected as shown in Figure 8. As 

shown in this figure, the fluorescence emission intensity 

continuously decreases with increasing irradiation time, and this 

finding is consistent with the light stability of the fluorescence 

observed in the 3D object. Although the fluorescence of DCCA is 

unstable under irradiation with a LED lamp emitting at 450 nm, it 

has to be kept in mind that it is rare for 3D objects to be exposed 

to UV light of this wavelengths for a long period time in an 

application. 

 

The loss of fluorescence efficiency upon irradiation at 450 nm is 

strong evidence that the fluorescence is in fact due to 

fluorescence of the photoinitiators DCCA or DCCB and not to its 

photocleavage products. The latter apparently do not or only very 

weakly fluorescence at these wavelengths. If adjusted to the 

photoinitiator concentration, the fluorescence intensity of the 

cured article could thus be used as an easy tool to quantify the 

amount of the non-reacted photoinitiator for further optimization of 

the curing conditions. 
 

 

Figure 7. Digital photos of 3D printed tablets using DCCA as photoinitiator 
under irradiation of 450 nm LED light source (30 mW/cm2). 

 

Figure 8. Fluorescence curves vs. irradiation time of DCCA in acetonitrile 
solution under irradiation of 450 nm LED light source (I=30 mW/cm2). 

Migration Properties 

In order to investigate the migration behavior of the DCCA and 

DCCB in 3D printing, the printed samples were soaked in 

acetonitrile. Unreacted PIs were extracted from the samples 

during 7 days with this solvent, and the extracted solutions were 

analyzed by UV-Vis spectroscopy. As shown in Figure 9, the 

amounts of DCCA extracted from 3D samples were much less 

than that of DCCB after all time intervals investigated, and the 

mass fraction of DCCA was found to be about 2 times lower than 

DCCB, which is up to 70% of the initial photoinitiator content. This 

result can be explained by the participation of DCCA in both 

photoinitiation and the photopolymerization reaction. In fact, non-

reacted photoinitiator can undergo a co-polymerization with the 

acrylate component and is thereby chemically linked to the 

polymer network formed and thus is non-extractable. Besides, it 

should be noted that the photoinitiator concentration used in these 

3D printing formulations is very low (0.3%), conditions that are as 

such very favorable to achieve low extractables.  

 
In 3D printing, a post-curing step is often applied to further cure 

the printed objects in order to meet the requirements regarding 

the physical and mechanical properties of the printed article. 

Therefore, the effect of a post-cure step on the migration ability of 

the PIs was investigated. As shown in Figure 10, the amount of 

DCCB migrating from the sample is significantly reduced under 

these conditions, while the extractable amount of DCCA is 

basically unchanged. This is strong evidence that the DCCB in 

the polymer sample undergoes further photolysis and the 

concentration of the migrating photoinitiator is thereby further 

reduced. In contrast, the amount of extractable DCCA is almost 

unchanged. This is strong evidence that unreacted DCCA 

participates in the polymerization reaction and is thereby 

incorporated into the polymer network. 

 

Figure 9. Cumulative release of DCCA and its reference DCCB from printed 

samples versus soaking time in acetonitrile. 
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Figure 10. Cumulative release of DCCA and its reference DCCB from post-

cured print samples versus soaking time in acetonitrile. 

This study was focused on the properties of the photoinitiator only. 

However, it must be kept in mind that by the photocleavage 

process photoproducts of lower molecular weight are formed. 

This is especially important for oxime ester photoinitiators, where 

one of the primary radicals (the iminyl radical) is a poorly initiating 

species and will thus hardly be incorporated as an end group in 

the polymer network. For a complete assessment of extractables, 

this and possibly other low-molecular photoproducts must also be 

considered. Nevertheless, it is obvious from the results of the 

present study that the use of the acrylated photoinitiator DCCA 

considerably reduces the amount of extractables as compared to 

non-acrylated analogues such as DCCB. Therefore, the novel 

photoinitiator DCCA provides an important tool to reduce the 

amount of extractables, thereby decreasing potential harmful 

toxicological properties of the 3D printed objects. 

 
Further, computational chemistry [31-33] was used to simulate the 

acrylate polymerization model reaction resulting in the 

copolymerization of the photoinitiator into the polymer backbone. 

As shown in Figure 11, the thermodynamic energy during the 

reaction was calculated and it was found that copolymerization of 

DCCA containing an acrylate double bond has a low energy 

barrier. As a result of this energy profile, it can be expected that 

the specific reaction should proceed easily, which is relevant for 

an efficient copolymerization of DCCA with (methyl)acrylate. This 

hypothesis is strongly supported by the previously discussed 

results of the migration tests. It has been further proven that the 

low migration properties of DCCA are due to its participation in 

the polymerization reaction. 

 

 

Figure 11. Energy changes and molecular configuration of the initiation process 

in computational chemical simulation. 

Conclusion 

In summary, a new visible-light-sensitive polymerizable 

photoinitiator DCCA has been designed by introducing an 

acrylate double bond at the terminal end of the oxime ester. 

Compared to its analogue DCCB, DCCA has better low migration 

properties in 3D printing and other applications. The usefulness 

of the new photoinitiator for 3D printing applications was 

demonstrated by its use on a DLP printer for the printing of 3D 

articles with high resolution and accuracy. Moreover, it must be 

emphasized that this photoinitiator can be used in very low 

concentrations, which are as such also favorable conditions to 

achieve low extractables. In addition, the printed object emits 

bright fluorescence under LED light. The advantageous 

properties of high fluorescence quantum yield and low migration 

make DCCA a highly interesting candidate for preparing 

luminescent polymers or devices in future 3D printing applications. 

Experimental Section 

Material  

4-(Diethylamino)-salicylaldehyde, hydroxylamine hydrochloride, 

phosphorus oxychloride (POCl3), diethyl malonate and acryloyl 

chloride were purchased from Adamas Reagent Ltd. and used 

without further purification. Sodium hydride and 3-

mercaptopropionate (PETMP) were bought from Energy 

Chemical Co., Ltd., piperidine, benzoyl chloride, anhydrous 

sodium acetate, other reagents and solvents were obtained from 

Sinopharm Chemical Reagent Co., Ltd. Trimethylolpropane 

triacrylate (TMPTA) was donated by Jiangsu Kailin Ruiyang 

Chemical Co., Ltd.. All solvents were dried and purified by 

standard laboratory methods. 
 
Instrumentation and Methods 

The 1H NMR and 13C NMR were measured on a Bruker AVANCE 

III HD 400 MHz NMR spectrometer with DMSO or CDCl3 as a 

solvent. The high-resolution mass spectrometer measurements 

were obtained by using Q-Tof-MS from Bruker Daltonics. 

 
Ultraviolet-Visible Spectroscopy (UV-Vis) 
The properties of UV–Vis absorption and photolysis of DCCA 

were measured on a Beijing Purkinje TU-1901 UV-Vis 
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spectrophotometer with acetonitrile (MeCN) as a solvent and the 

scanning range is 200 to 600 nm. 

 
Theoretical Calculation Method 

A theoretical computational method was carried out to support an 

efficient possible approach to potential low-migration behavior of 

DCCA. 

 

Density Functional Theory (DFT) calculations were carried out at 

M06-2X/6-311G(d) level for geometrical optimization calculations 

of the two molecules while no imaginary frequency modes were 

observed by frequency analysis at stationary states [34]. As the 

role that solvents are playing in photophysical and photochemical 

properties is important, the Solvation Model Based on Density 

(SMD) was employed for the studies of the novel photoinitiators 

(acetonitrile as solvent in our cases). As essential photophysical 

properties, the Frontier Molecular Orbits were calculated by the 

Density Functional Theory (TD-DFT) methodology at M06-

2X/def2-TZVP/SMD level, and graphs of molecular orbitals were 

visualized by the graphical interface GaussView (iso-value = 0.03).  

A further calculation was performed to visualize a model chain 

propagation – acrylate-based addition of DCCA – at the M06-

2X/6-311G(d) level, which could explain the low migration ability 

of DCCA by a co-polymerization. 

 
Fluorescence Quantum Yield 

The fluorescence quantum yields (Φf) of DCCA and DCCB in 

ethanol were obtained using the coumarin 6 as a reference (Φf = 

0.78), and the experimental method was carried out according to 

the literature [35]. 

 

Photopolymerization Kinetics 

Photopolymerization kinetics were studied by using real-time 

FTIR spectroscopy (Nicolet 6700). DCCA and DCCB were used 

as PIs, and Lucirin TPO and Irgacure 819 were employed as 

reference PIs. PETMP and TMPTA were used as 

photopolymerizable monomers. The structures of all components 

used are shown in Scheme 2. The photosensitive formulations 

were applied between two KBr plates for irradiation with 450 nm 

LED lamp (I=30 mW/cm2) at room temperature. The 

polymerization kinetics of different samples were explored by 

monitoring the changes of the IR resonances of the alkene double 

bond and the thiol group, and the conversions of the different 

functional groups were calculated using equation (1). 

Conversion (%) = �1-
At

A0
�  ×100%            (1) 

where At and A0 represent the area of the IR absorption peak at 

1653-1593 cm-1 (alkene) and 2622-2492 cm-1(thiol) of the sample 

after and before exposure during time t, respectively. 
 
3D Printing Experiments 

For 3D printing experiments, a LED projector @420 nm DLP 3D 

printer was used. The photosensitive resin was composed of 

photoinitiators (0.3 wt.% resin), polymerization monomers 

TMPTA/PETMP (60%/40%, w/w) and the inhibitor phloroglucinol 

(0.03 wt.% resin). The selected model design was the logo of 

Jiangnan University, suitable to evaluate fine-detail printing. After 

printing, the unreacted monomers were removed from the printed 

objects by immersion in ethanol for 1 h. 

Migration Property of PIs 

For the determination of the migration stability of DCCA and 

DCCB, test specimens (~0.5 g, thickness: 0.5 mm) were prepared 

using a DLP 3D printer (minfab DLP). After the printing process, 

the specimens were rinsed for 2 min with ethanol to remove 

unreacted monomers on the surfaces. Subsequently, the 

specimens were placed in glass bottles filled with 20 mL 

acetonitrile and soaked for 1 week. The solutions were used to 

determine the amount of extracted PIs by UV spectroscopy. The 

percentage of migration of these PIs was calculated using 

equation (2): 

 
%extracted = (mextracted / mPI in the specimen) × 100%        (2) 

where mextracted and mPI in the specimen are the quality of the 

photoinitiators extracted from the specimens and the quantity of 

the photoinitiators present initially in the specimens, respectively.  
 
Synthesis 

The synthesis route of the oxime esters DCCA and DCCB is 

shown in Scheme 1. Compounds 1, 2, 3 and were prepared 

according to the literatures [36, 37], and the specific synthesis 

process can be found in ESI. 

 

(E)-7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde O-

acryloyl oxime (DCCA) 

Under N2 atmosphere, NaH (102.2 mg, 2.56 mmol, 60%) and 

compound 3 (335.9 mg, 1.29 mmol) were dissolved in 12 mL dry 

tetrahydrofuran (THF) at 0℃. The mixture was stirred for 30 min. 

Then, acryloyl chloride (200 μL, 2.46 mmol) was added and the 

solution was continuously stirred for 30 min at room temperature. 

Then an aqueous sodium bicarbonate solution (5%, 10 mL) was 

added dropwise in order to quench the reaction. The mixture was 

extracted with dichloromethane (3×10 mL) and the crude product 

was purified by column chromatography (PE:EE=4:1) to give 227 

mg of an orange solid in 56% yield.1H NMR (400 MHz, 

Chloroform-d) δ 8.63 (s, 1H), 8.44 (s, 1H), 7.37 (d, J = 8.9 Hz, 1H), 

6.65 (dd, J = 8.9, 2.5 Hz, 1H), 6.59 (dd, J = 17.4, 1.3 Hz, 1H), 6.51 

(d, J = 2.5 Hz, 1H), 6.31 – 6.18 (m, 1H), 5.98 (dd, J = 10.6, 1.3 Hz, 

1H), 3.47 (q, J = 7.0 Hz, 4H), 1.25 (t, J = 7.1 Hz, 6H). 13C NMR 

(101 MHz, Chloroform-d) δ 163.68, 160.94, 157.66, 152.09, 

151.77, 141.71, 132.28, 130.83, 126.28, 110.06, 109.09, 108.53, 

97.46, 45.28, 12.41. Q-Tof-MS (m/z): C17H18N2O4 [M+H] + calcd, 

315.1345, found,315.0989. 

 

(E)-7-(diethylamino)-2-oxo-2H-chromene-3-carbaldehyde O-

benzoyl oxime (DCCB) 

Under N2 atmosphere, NaH (84 mg, 2.1 mmol, 60%) and 

compound 3 (307 mg, 1.18 mmol) and were dissolved in 10 mL 

dry tetrahydrofuran (THF) at 0℃. The mixture was stirred for 30 

min. Then, benzoyl chloride (200 μL, 1.7 mmol) was added and 

the solution was continuously stirred for 30 min at room 

temperature. Then an aqueous sodium bicarbonate solution (5%, 

10 mL) was added dropwise in order to quench the reaction. The 

mixture was extracted with dichloromethane (3×10 mL) and the 

crude product was purified by column chromatography 

(PE:EE=4:1) to give 251 mg of an orange solid in 60% yield.1H 

NMR (400 MHz, Chloroform-d) δ 8.79 (s, 1H), 8.51 (s, 1H), 8.14 

(d, J = 8.4 Hz, 2H), 7.65 – 7.60 (m, 1H), 7.51 (dd, J = 8.4, 7.1 Hz, 

2H), 7.40 (d, J = 8.9 Hz, 1H), 6.68 (dd, J = 8.9, 2.4 Hz, 1H), 6.54 

(d, J = 2.3 Hz, 1H), 3.47 (q, J = 7.1 Hz, 4H), 1.26 (t, J = 7.1 Hz, 

6H).13C NMR (101 MHz, Chloroform-d) δ 164.04, 161.01, 157.66, 
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152.01, 151.88, 141.74, 133.44, 130.87, 129.74, 128.58, 128.54, 

110.18, 109.23, 108.68, 97.61, 45.36, 12.41. Q-Tof-MS (m/z): 

C21H20N2O4 [M+H] + calcd, 365.1501, found, 365.1025. 
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