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Abstract:

The investigation and clarification of the photoinitiation mechanism of novel systems are of
importance for the design and development of compounds with high photoinitiation efficiency of
photopolymerization. Some disubstituted aminoanthraquinone derivatives have been reported to exhibit
interesting photochemical/photophysical properties, and have the potential to act as high performance
multicolor photoinitiators under the irradiation of various wavelength of visible light from light-emitting
diodes (LEDs). Herein, three disubstituted aminoanthraquinone derivatives, i.e. 1-amino-4-
hydroxyanthraquinone, 1,4-diaminoanthraquinone, and 1,5-diaminoanthraquinone, with iodonium salt
and N-vinylcarbazole as additives, have been investigated. Their photoinitiation mechanism was studied
using fluorescence spectroscopy, laser flash photolysis, steady state photolysis, computational quantum
chemistry and electron spin resonance spin trapping techniques. Then, their photoinitiation ability for the

cationic photopolymerization of epoxide and divinyl ether monomers under the irradiation of diverse
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LEDs (i.e. blue, green, yellow, and red LEDs) was investigated. The types and positions of substituents
were found to play a vital role in the photoreactivity and photoinitiation ability of the disubstituted

aminoanthraquinone derivative-based photoinitiating systems.

Keywords: disubstituted aminoanthraquinone, photoinitiator, photoinitiating system, cationic

photopolymerization, LED

Introduction:

Photopolymerization technology™? is a promising approach in various applications such as 3D
printing,*"?! (bio)medicine, optics technologies, microelectronics, and materials science.'® 2232 |n
photopolymerizable formulations, the photoinitiator (PI) plays the significant role of absorbing the light
and then triggering the transformation of liquid monomers and resins into solids for the fabrication of
various materials.> >33 3% A challenge is to design and develop multicolor Pls of polymerization that can
work under the whole visible light range (i.e. blue, green, yellow, and red light), as it can offer the more
flexibility and easier accessibility to the photopolymerization processes under any irradiation conditions.
Several examples have been reported to work under the panchromatic visible light irradiation (400 — 700
nm), such as 2,7-di-tert-butyldimethyldihydropyrene DHP,® the indanedione derivative D_1,% the
polyfunctional thiophene derivative PQXTP,%’ the thioxanthone derivative TX-NPG,*® and curcumin.*
However, to the best of our knowledge, none of these reported multicolor Pls exhibits high
photoinitiation ability upon exposure to all wavelengths of light, especially long-wavelength irradiation.
It is thus desirable to explore and develop multicolor Pls with high efficiency under the irradiation of
light delivered from all colours of light-emitting diodes (LEDs; e.g. blue LED, green LED, yellow LED,
and red LED),*>* as LEDs have been attracting increasing attention for photopolymerization** due to
advantages over other light sources such as better light output, higher operating efficiency, safer usage,

and lower cost. b 40-45



Recently, several 9,10-anthraquinone derivatives have emerged as efficient photoinitiators
including 1,8-dihydroxyanthraquinone?®, 1,2, 4-trihydroxyanthraquinone*’, and oil blue N*® as blue light-,
green light-, and red light-sensitive Pls respectively. This suggests that the substituents of anthraquinone
derivatives can be used to tune their performance as Pls, and that anthraquinone derivatives with suitable
substituents may act as multicolor Pls. In this study several disubstituted aminoanthragquinone derivatives
(DAAQES), i.e. 1-amino-4-hydroxyanthraquinone (AHAQ), 1,4-diaminoanthraquinone (14-DAAQ), and
1,5-diaminoanthraquinone (15-DAAQ), in combination with the additives (i.e. iodonium salt and N-
vinylcarbazole), are investigated for their photoinitiation mechanism and ability to initiate cationic

photopolymerization under blue, green, yellow, and red LED light.

Experimental Section
Materials

The investigated disubstituted aminoanthraquinone derivatives (DAAQSs), i.e. l-amino-4-
hydroxyanthraquinone (AHAQ), 1,4-diaminoanthraquinone (14-DAAQ), and 1,5-diaminoanthraquinone
(15-DAAQ) were obtained from EGA-Chemie KG, Fluka AG and Sigma- Aldrich respectively. Their
chemical structures are illustrated in Scheme 1. Diphenyliodonium hexafluorophosphate (lod) and N-
vinylcarbazole (NVK) were used as the additives of the disubstituted aminoanthraquinone-based
photoinitiating systems, while (3,4-epoxycyclohexane)methyl 3,4-epoxycyclohexylcarboxylate (EPOX)
and tri(ethylene glycol) divinyl ether (DVE-3) were used as benchmark monomers (Scheme 2) for

cationic photopolymerization. The additives and monomers were all obtained from Sigma-Aldrich.
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Scheme 1. Chemical structures of the studied disubstituted aminoanthraquinone derivatives (AHAQ, 14-
DAAQ, and 15-DAAQ).
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Scheme 2. Chemical structures of the investigated additives (lod and NVK) of the disubstituted
aminoanthraquinone-based photoinitiating systems and monomers (EPOX and DVE-3) for cationic
photopolymerization.

Computational Methodology

All electronic structure calculations were performed using the Gaussian 16 software®®. All closed shell
calculations were performed with restricted density functional theory (DFT) calculations, and open-shell
calculations were performed with unrestricted DFT, all using the M06-2X%° functional with the def2-
TZVP%! basis set. Excited states were calculated with time-dependent DFT (TD-DFT) at the MO6-
2X/def2-TZVP level of theory; in all cases implicit solvent effects were accounted for with the SMD®?2

model of acetonitrile.

Irradiation Sources

Four different household LED bulbs were used as irradiation devices for photopolymerization
reactions: Blue LED (emission wavelength centered at 455 nm; incident light intensity: 60 mW cm),
Green LED (518 nm; 60 mW cm?), Yellow LED (594 nm; 30 mW cm), and Red LED (636 nm; 60

mwW cm).

Fluorescence Experiments
The fluorescence properties of DAAQSs in acetonitrile were studied using the Varian Cary Eclipse

Fluorescence Spectrophotometer. The fluorescence quenching of DAAQs by lod were investigated from



the classical Stern-Volmer treatment? (lo/l = 1 + Kqto[lod]; where lo and | stand for the fluorescent
intensity of DAAQs in the absence and the presence of lod, respectively; to stands for the lifetime of

DAAQs in the absence of lod).

Laser Flash Photolysis

Nanosecond laser flash photolysis (LFP) experiments were carried out using a Q-switched
nanosecond Nd/YAG laser (hexc = 355 nm, 9 ns pulses; energy reduced down to 10 mJ) from Continuum
(Minilite) and an analyzing system consisted of a ceramic xenon lamp, a monochromator, a fast

photomultiplier and a transient digitizer (Luzchem LFP 212).5

Steady State Photolysis Experiments
DAAQs in the presence of lod in acetonitrile were irradiated with the green LED@518 nm (60
mW cm?), and the UV-vis spectra were recorded using the Lambda 950 UV/VIS/NIR Spectrophotometer

(PerkinElmer) at different irradiation time.

Electron Spin Resonance Spin Trapping (ESR-ST) Experiments

ESR-ST experiment was carried out using the Bruker EMX-plus X-Band ESR Spectrometer. The
radicals were generated at room temperature upon the blue LED exposure under argon and trapped by
phenyl-N-tert-butylnitrone (PBN) according to a procedure® described elsewhere in detail. The ESR

spectrum simulation was carried out with the WINSIM software.

Cationic Photopolymerization of Multifunctional Monomers
The cationic photopolymerization reactions of the multifunctional monomers (EPOX and DVE-3)

in the presence of different DAAQ-based photoinitiating systems upon exposure to the various LED



bulbs were monitored using ATR-IR (BRUKER, IFS 66/s). To this end, a layer of liquid formulation
(~20 um thick) was coated on the surface of the ATR horizontal crystal and the ATR-IR spectra of the
sample was recorded at different time intervals during the LED irradiation. The evolution of the epoxy
group content of EPOX and the double bond content of DVE-3 were followed by ATR-IR spectroscopy
using the bands at approximately 790 cm® and 1615 cm™, respectively.>® The cationic
photopolymerization of EPOX was carried out exposed to the air, while the cationic photopolymerization
of DVE-3 was conducted in laminate. The degree of epoxy group or double bond conversion C at time t
during the photopolymerization is calculated from C = (Ao - At)/Ao x 100% (where Ao the initial peak
area before irradiation and A: the peak area of the functional groups at time t). The conversion C measured
here is not throughout the whole sample thickness as the penetration depth of infrared beam into the
sample is ca. 0.5 — 3 um for the ATR-IR spectroscopy, which is similar to the light penetration, and can
thus be used to evaluate the photoinitiation ability of the relevant DAAQ-based photoinitiating systems.
The well-known blue-light-sensitive camphorquinone-based photoinitiating system was used as a

reference.

RESULTS AND DISCUSSION
1/ UV-vis Absorption of DAAQS

The UV-vis absorption of DAAQs (i.e. AHAQ, 14-DAAQ, and 15-DAAQ) in acetonitrile and their
overlap with emission spectra of blue (455 nm), green (518 nm), yellow (594 nm), and red (635 nm)
LEDs are demonstrated in Figure 1, while their absorption maxima (Amax) and extinction coefficients (g)
at Amax and at the maximum emission wavelengths of different LEDs are summarized in Table 1. As
illustrated, AHAQ, 14-DAAQ, and 15-DAAQ exhibit maximum absorption (Amax) at 522 nm, 544 nm

and 479 nm, and their corresponding extinction coefficients (emax) are 11100 Mt cm™, 12800 Mt cm™?,



and 9300 Mt cm™ respectively. Interestingly, all three DAAQs demonstrate satisfactory overlap with
the emission spectra of the blue (455 nm) and green (518 nm) LEDs, i.e. the extinction coefficients at
the maximum emission wavelengths of the LEDs are higher than 2000 M~ cm™ (Table 1). In addition,
the light absorption of 14-DAAQ matches well with the emission wavelength of the yellow LED (594
nm) and the extinction coefficient at 594 nm is 8800 M cm™1. Moreover, it also demonstrates the light
absorption at the maximum emission wavelength of the red LED (636 nm), but the relevant extinction
coefficient is not high (530 M~ cm™). Nonetheless, 14-DAAQ can absorb light from all the investigated
LEDs. For 15-DAAQ), the slightly higher baseline of the UV-vis absorption spectrum can be ascribed to
its lower solubility in acetonitrile compared to AHAQ and 14-DAAQ. 15-DAAQ can be properly
dissolved in the monomer EPOX (Figure S1).
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Figure 1. (a) UV-vis absorption spectra of AHAQ, 14-DAAQ, and 15-DAAQ in acetonitrile; (b) their
overlap with the emission spectra of blue (455 nm), green (518 nm), yellow (594 nm), and red (636 nm)
LEDs; (c) adjusted simulated UV-vis absorption spectra of AHAD, 14-DAAQ, and 15-DAAQ.

Table 1. Light absorption properties of AHAQ, 14-DAAQ and 15-DAAQ: maximum absorption
wavelengths Amax, extinction coefficients at Amax and at the maximum emission wavelengths of the
different LED bulbs.

Amax Emax €455 nm €518 nm €594 nm €636 nm
(nm) (Micm?) (Mlem?)* (Mlem?)* (Mlecm?)* (Mlcm?)*
AHAQ 522 11100 3300 10700 990 ~0
14-DAAQ 544 12800 2100 8600 8800 530
15-DAAQ 479 9300 7400 4900 ~360 ~300

* For maximum emission wavelengths of different LEDs

The absorption spectra were also simulated using time-dependent density functional theory (TD-
DFT). As found in previous studies,*’ the M06-2X functional is found to overestimate the Amax values by
a factor of approximately 1.2. Accounting for this overestimation gives simulated UV-vis spectra (Figure
1) in good agreement with the experimental spectra. The S; states for AHAQ, 14-DAAQ, and 15-DAAQ
are each dominated by nr* transitions, shown in Figure 2. The emax value for 15-DAAQ is also

overestimated, however as the overall peak position is consistent with experiment it is inconsequential.
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Figure 2. Orbitals involved in Sp — Sy, mn* transitions of AHAQ, 14-DAAQ, and 15-DAAQ.

2/ Photoinitiation Mechanism of Disubstituted Aminoanthraquinone-based Photoinitiating

Systems

The photoinitiation mechanism of the investigated disubstituted aminoanthraquinone-based
photoinitiating systems DAAQs/lod was studied using a variety of approaches. The fluorescence
emission spectra (related to their excited singlet states) of AHAQ, 14-DAAQ, and 15-DAAQ are
illustrated in Figure S2 in the supporting information, and their quantum yields in acetonitrile are 0.0071,
0.0034, and 0.0033 respectively. Interestingly, the fluorescence of 14-DAAQ is dramatically quenched
by the addition of lod as shown in Figure 3 (a), and the interaction rate constant of 114-DAAQ/lod was
determined (i.e. kq ~ 6.0x10° Ms) from the Stern-Volmer treatment [Figure 3 (b); fluorescence lifetime
of 14-DAAQ 1 ~ 3 ns]. Similarly, kq ~ 1.0x10° M%s? was determined for 115-DAAQ/lod interaction
[Figure S3 (b) and (c); fluorescence lifetime of 15-DAAQ to ~ 3 ns]. These demonstrate the occurrence
of electron transfer between the excited singlet state of 14-DAAQ (or 15-DAAQ) and the ground-state
of lod, and that the process is diffusion-controlled. However, no obvious fluorescence quenching was
observed for the AHAQ with the addition of lod [Figure S3 (a)] indicating the low efficiency of the
interaction of YAHAQ/Iod. More interestingly, the electron transfer quantum yields [®er = kqto [lod]/(1
+ Kqto [lod]); where [lod] = 4.7x102 M in formulations] of *14-DAAQ/lod (®er = 0.46) and 115-
DAAQ/Iod (Der = 0.12) indicate that the photochemical reactivity of *14-DAAQ/lod is higher than that

of 115-DAAQ/Iod.



200{ (Q —0 b
( ) —35mM 13- ( )
9.4 mM
150- —17.2mM
1.2
100-
114
50
104 r =0.997
. . 7 Slope =K, =K 1,=17.96
T T T T — 1 T T T T 1
550 600 650 700 750 800 00  50x10° 1.0x10® 15x10° 2.0x10°

Figure 3. (a) Fluorescence spectra of 14-DAAQ as a function of [lod] in acetonitrile and (b) the relevant
Stern-Volmer plot.

The excited singlet state of aminoanthraquinone derivatives may undergo intersystem crossing to
yield the excited triplet states,®® and the relevant triplet quantum yields are dependent on the number of
substituents, their position, and the solvent.%”: %8 It has been reported that the triplet quantum yields of 14-
DAAQ and 15-DAAQ in toluene can be determined using laser flash photolysis (LFP),>” but there is no
observable triplet formation in the LFP of the investigated DAAQs in acetonitrile in the 400-700 nm

range of our study, which can be ascribed to the different polarity of the solvents used.>” %

Modelling the electron transfer mechanism for different species of the anthraquinones provides
insight into the observed differences in photoinitiating activity. Figure 4 summarises the electron-transfer
mechanism for the photo-excited AHAQ, 14-DAAQ, and 15-DAAQ molecules. Table 2 highlights some

key energies along the reaction coordinates of AHAQ, 14-DAAQ, and 15-DAAQ.
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Figure 4. Energy level diagram for possible internal energy/electron transfer processes taking place with
14-DAAQ, 15-DAAQ, and AHAQ

Table 2. Energies for the energy and electron transfer processes (eV) shown in Figure 4, and the change
in Gibbs free energy (eV) for the overall excited state electron transfer reaction.

Si—>lode”
DAAQs So— S1 transfer AG(S1—10drelax)
(unrelaxed)
AHAQ +2.7971 +0.8148 -1.0685
14-DAAQ +2.6464 +0.5101 -1.3777
15-DAAQ +3.1338 +1.0032 -0.8724

Figure 4 and Table 2 show that 14-DAAQ exhibits the lowest energy pathway to electron transfer to the
lod species, with a S1 — lod e~ transfer (unrelaxed) AE of +0.51 eV, almost 0.5 eV lower than for 15-
DAAQ); as well this, at -1.38 eV 14-DAAQ exhibits a greater thermodynamic favourability for the overall
excited state electron transfer process shown in Equations 2 and 3. While less efficient, Figure 4 also
suggests that both 15-DAAQ and AHAQ should also undergo electron transfer with lod, whereas

experiments show that this is not the case for AHAQ. While both 15-DAAQ and AHAQ suffer from both

11



a relatively high barrier and low thermodynamic favourability to electron transfer, the 15-DAAQ triplet
excited state is near to the S; state allowing intersystem crossing (Figure S4). This may extend the excited
state lifetime allowing electron transfer to compete with fluorescence. In contrast the triplet state is less
energetically accessible for AHAQ (+0.54 eV above S; versus +0.22 for 15-DAAQ). The combined
result of these two effects is that fluorescence outcompetes all other processes in AHAQ, preventing

electron transfer to lod.

Based on the above information, the interaction between DAAQs and lod during the light

irradiation can be depicted in the reactions (1) — (3) as follows.

DAAQ — DAAQ (hv) (1a)
IDAAQ — 3DAAQ (1b)
L3DAAQ + Phol* — DAAQ®" + Phal® )
Phal® — Ph® + Ph-| (3)

The interaction of DAAQs/lod under green LED irradiation can be qualitatively investigated using
steady state photolysis.® As demonstrated in Figure 5, the UV-vis absorption of DAAQs/lod decreased
during irradiation with light. Interestingly, isobestic points were observed at 452/588 nm, 481/610 nm,
and 423/520 nm for AHAQ/lod, 14-DAAQ/lod, and 15-DAAQ/lod respectively, which indicates that no
secondary reactions occurred in the reaction (2). The much faster photolysis of 14-DAAQ/lod than those
of the other two systems can be ascribed to its better reactivity during the light irradiation, which is also

in agreement with the results of the fluorescence quenching.

12
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Figure 5. Steady state photolysis of (a) AHAQ/lod, (b) 14-DAAQ/lod, and (c) 15-DAAQ/lod in
acetonitrile ([lod] = 15 mM); UV-vis spectra recorded at different irradiation time; Green LED@518 nm
irradiation (60 mW cm).

More interestingly, the generated radicals from the electron transfer in the DAAQ/lod systems
under light irradiation can be determined using the ESR spin trapping technique. Specifically, the
hyperfine splitting constants (HFS) for both the nitrogen (an) and the hydrogen (an) of the PBN/radical
adducts can be used to determine the types of radicals. Precisely, an = 14.3 G and an = 2.2 G were
measured in the 15-DAAQ/lod system (Figure 6), which can be assigned to PBN/phenyl radical
adducts.®® % This further confirmed the generation of phenyl radicals (Ph®) in reactions (1) — (3) as

indicated above.

13
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Figure 6. ESR spectra of the radicals generated in 15-DAAQ/lod combination upon the blue LED
exposure and trapped by PBN in tert-butylbenzene: (a) experimental and (b) simulated spectra.

3/ Photoinitiation Ability of Disubstituted Aminoanthraquinone-based Photoinitiating Systems for

Cationic Polymerization

As expected, the generated DAAQs-derived cations (DAAQs*") from the DAAQs/lod systems
(reactions (1) — (3)) under light irradiation can initiate the cationic photopolymerization of EPOX. And
the photoinitiation ability of these systems can be associated with the relevant light absorption properties
of DAAQs, photoreactivity of DAAQs/lod, and the structures of DAAQs®’. As shown in Figure 7 and
Table 3, all the DAAQs/lod systems is capable of initiating the cationic polymerization of EPOX upon
exposure to blue (455 nm) or green (518 nm) LED, which is in agreement with the satisfactory overlap
of the light absorption of the studied DAAQs with the emission spectra of the blue (455 nm) and green
(518 nm) LEDs. Specifically, 65% ~ 77% epoxy conversions were obtained when using the 14-
DAAQ/lod or 15-DAAQ/lod photoinitiating systems for 800 s of photopolymerization under blue or
green LED. However, the initiation ability of AHAQ/lod was relatively lower (i.e. < 30% of epoxy
conversions), which can be ascribed to the lack of obvious fluorescence quenching of AHAQ/lod system

as indicated above. More interestingly, 14-DAAQ/lod was also efficient for the cationic polymerization

14



of EPOX under yellow (594 nm) and red (636 nm) LEDs, and > 55% of epoxy conversions can be
achieved after 800 s of photopoymerization. Among the investigated DAAQs/lod systems, 14-
DAAQ/Iod is the only system that can work upon the exposure to all the LEDs: this is in line with the
panchromatic light absorption of 14-DAAQ and the high photochemical reactivity of 14-DAAQ/lod.
Notably, the well-known commercial photoinitiator camphorquinone (CQ) based system CQ/lod was
inefficient under the same conditions which underlines the high performance of the investigated DAAQ-
based systems. Furthermore, the addition of NVK into the DAAQs/lod systems can promote their
photoinitiation ability due to the NVK additive effect®! as depicted in reactions (4) — (5), with the
produced Ph-NVKT is efficient for the cationic photopolymerization.

Ph* + NVK — Ph-NVK® (4)
Ph-NVK® + Phal* — Ph-NVK* + Ph® + Ph-I (5)

For instance, > 80% epoxy conversions were obtained when using the 15-DAAQ/Iod/NVK system for
800 s of photopolymerization under blue or green LED. Markedly, even > 75% of conversions were
attained under yellow or red LED with 14-DAAQ/lod/NVK system, which is unusual for the cationic
photopolymerization of EPOX under the irradiation of such long-wavelength light. More interestingly,
14-DAAQ (or 15-DAAQ)/1od/NVK system was quite stable in the formulation as the photoinitiation

ability did not change significantly after one-week storage at room temperature (Table 3).
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Figure 7. Photopolymerization profiles of EPOX under air in the presence of AHAQ, 14-DAAQ, or 15-
DAAQ-based PISs upon exposure to (a) Blue LED@455 nm (60 mW cm™); (b) Green LED@518 nm

(60 mW cm); (c) Yellow LED@594 nm (30 mW cm™) and Red LED@636 nm (60 mW cm™). AHAQ,
14-DAAQ, or 15-DAAQ: 0.5 wt%; lod: 2 wt%; NVK: 3 wt%.

Table 3. Epoxy conversions of photopolymerization of EPOX obtained under air upon exposure to

different household LED devices for 800 s in the presence of DAAQs based PISs (DAAQs or CQ: 0.5

wit%; lod: 2 wt%; NVK: 3 wt%).

PIS LED LED LED LED
(455nm) (518 nm) (594 nm) (636 nm)
AHAQ/lod 15% 26% np np
AHAQ/lod/NVK 31% 35% np np
14-DAAQ/lod 66% 77% 58% 65%
14-DAAQ/I0d/NVK  73%|74%*  80% 77% 78%
15-DAAQ/lod 75% 72% np np
15-DAAQ/I0od/NVK  85%|83%*  83% np np
CQ/lod np np np np

np: no photopolymerization.
a: after one-week storage
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DAAQ-based photoinitiating systems were also capable of initiating cationic photopolymerization
of divinyl ether DVE-3 as shown in reactions (6) — (7) and Figure 8. Specifically, 14-DAAQ/lod
combination can act as a multicolor photoinitiating system, and 78%, 74%, 61%, and 81% of double
bond conversions of DVE-3 can be achieved when the photopolymerization reactions were conducted
under the irradiation of blue, green, yellow, and red LEDs respectively [Figure 8 (a)]. In addition, 15-
DAAQ based photoinitiating systems can also work under blue and green LEDs for the polymerization
of DVE-3 as illustrated in Figure 8 (b), and 78% - 87% of double bond conversions of DVE-3 was
attained. The addition of NVK into the photoinitiating systems did not dramatically improve the
polymerization profiles, which can be attributed to the fact that the 15-DAAQ/Iod system was already

quite efficient to initiate the cationic polymerization of DVE-3 and there was no significant room for the

further improvement of the performance.

Ph® + R’-0-CH=CH, — R’-O-CH*-CH2-Ph (6)
R’-O-CH®*-CH2-Ph + Phyl* — R’-O-CH*-CH2-Ph (i.e. Ph-DVE-3*) + Ph® + Ph-1 (7)
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Figure 8. Photopolymerization profiles of DVE-3 in laminate in the presence of DAAQ-based PISs
(DAAQ: 0.5 wt%; lod: 2 wt%; NVK: 3 wt%) upon exposure to different LEDs [i.e. Blue LED@455 nm

(60 mW cm), Green LED@518 nm (60 mW cm), Yellow LED@594 nm (30 mW c¢m?) and Red
LED@636 nm (60 mW cm)].
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CONCLUSION:

The investigation of photoinitiation mechanism of the studied three disubstituted
aminoanthragquinone-based photoinitiating systems (PISs) revealed that 14-DAAQ exhibited the highest
photoreactivity towards lod while AHAQ demonstrated the lowest efficiency under the LED irradiation.
Phenyl radicals are produced in the initiation process, as confirmed for instance in the 15-DAAQ/lod
combination through the ESR-ST experiments in which DAAQ-based cations DAAQ*®" are observed.
The types and positions of substituents of the disubstituted aminoanthraquinone derivatives play a
significant role in their photoinitiation ability. Specifically, in line with the results of the photoinitiation
mechanism study, 14-DAAQ/additives systems can act as efficient multicolour PISs as they were capable
of initiating cationic photopolymerization of epoxide and divinyl ether under various LEDs with different
emission wavelengths, i.e. blue, green, yellow, and red LEDs, while AHAQ- and 15-DAAQ-based
photoinitiating systems can only work under the irradiation of blue and green LEDs. Interestingly, even >
80% of epoxy or double bond conversions can be achieved for the photopolymerization of epoxide and
divinyl ether monomers when using the 14-DAAQ or 15-DAAQ based photoinitiating systems. The high
efficiency of the 14-DAAQ or 15-DAAQ based photoinitiating systems can endow them with the
potential applications in 3D printing and fabrication of photopolymer-based materials. The ability of the
DAAQ-based photoinitiating systems for free radical photopolymerization will be presented in

forthcoming papers.

ASSOCIATED CONTENT

UV-vis absorption spectra of EPOX and 15-DAAQ in EPOX (Figure S1); fluorescence emission spectra

of DAAQs (Figure S2); fluorescence quenching of AHAQ and 15-DAAQ by lod (Figure S3); triplet state
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energies relative to S; state for DAAQs (Figure S4); raw computational data. This information is

available free of charge via the Internet.
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