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Abstract: A bifunctional benzophenone-carbazole-based photoinitiator BPC was 

designed from its molecular structure viewpoint. To get this, two benzoyl substituents 

were introduced as peripheral groups of carbazole so that a molecule in which two 

benzophenones were fused to one carbazole unit could be obtained in a one-step 

procedure. As a result of this combination, synergetic effects are thus attended. 

Interestingly, BPC could efficiently initiate the free radical photopolymerization (FRP) 

of acrylates without addition of any extra hydrogen donors demonstrating a 

monocomponent Type II behavior but also fast photoinitiation rates were obtained in 

the presence of an amine and/or an iodonium salt with a LED@365 nm. Meanwhile, 

BPC can also interact with the iodonium salt to generate cationic species for the cationic 

photopolymerization (CP) of epoxides. BPC was found as a versatile photoinitiator that 

can be used for both radical and cationic polymerizations. The best photoinitiating 

system (PIS) determined during the FRP tests was selected for 3D printing experiments. 

Steady state photolysis and fluorescence quenching experiments were carried out to 

verify the interaction between BPC and the different additives in the excited state. 

Electron spin resonance-spin trapping experiments successfully distinguished the free 

radicals generated by the different PISs and the proposed electron transfer mechanisms 
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are also discussed. 
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The development of photopolymerization systems is constantly evolving due to 

their numerous attractive features. This polymerization technique benefits from several 

advantages compared to the traditional solution-phase polymerization such as no 

emission of volatile organic compounds (VOCs), low energy consumption, low 

operating temperature and low cost irradiation setups1-2. Light is also a traceless reagent 

that can be abundantly used in chemical transformations without risking having 

residues within the polymer network. Photopolymerization is a technique which 

transforms liquid monomers into solid polymers under light irradiation. Compared to 

thermal polymerization, photopolymerization has a unique space and time 

controllability. Because of this advantage, photopolymerization could be used in many 

special fields (e.g. dental restoration and microelectronic processing)3-5. Traditional UV 

light sources (e.g. Hg lamp) release high heat, generate ozone during polymerization 

processes and also have expensive cost (expensive light sources). These obvious 

drawbacks have adversely affected both the development of new photoinitiating 

systems but also the scope of applicability of photopolymerization. Gradually, light-

emitting diodes (LEDs) as irradiation sources have attracted more and more attention 

because of their low cost, less heat release and good security6-8. However, many of the 

commercial photoinitiators (PIs) can be only used with the traditional UV light sources, 

these molecules having limited absorption in the near UV/visible range. For example, 

benzophenone (BP) is a cheap and widely used Type II PI when used with amines as 

co-initiators. However, BP hardly absorbs for  > 340 nm and can’t be used for near 

UV LED @365, 385 or 395nm that are now characterized by a widespread use in 

polymer applications and industry. Therefore, it is significant to explore new high 

performance photoinitiating systems (PISs) better matching the emission spectra of 

LEDs9-12. In recent years, many works focused on the development of dye 

photosensitized systems which have long absorption wavelengths and high efficiency 



under LEDs irradiation13. Dyes acting as PI or photosensitizer (PS) absorb light and 

interact with co-initiators in the excited states through electron transfer to generate 

active species14-16. Naphthalimide, pyrene, anthracene, carbazole, etc, are all used in 

free radical photopolymerization (FRP) and cationic photopolymerization (CP)13. To 

improve the photochemical reactivity or to obtain additional properties, dyes are usually 

decorated with various substituents by mean of chemical engineering. Owing to its 

outstanding electron-donating ability and its good optical properties, carbazole is 

frequently used to design functional PIs. Carbazole group bearing with nitro, aldehyde, 

bromine, ferrocene groups notably exhibited good performances for 

photopolymerization carried out under visible light17-18. Carbazole can also be easily 

modified by chemical engineering, its solubility can be easily tuned by 

functionalization of the NH group with alkyl chains so that this building block has been 

at the basis of numerous PIs. Extension of aromaticity can also be easily obtained by 

ring-fusing or by introducing a peripheral π-conjugated system, enabling to red-shift its 

absorption towards the visible range17, 19-21. 

In this work, two benzoyl groups were introduced onto the carbazole core to 

produce a novel PI (9-Ethyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) (BPC). 

Unlike other substituents, the benzoyl group and the aromatic ring of carbazole 

compose a benzophenone which is a famous Type II PI. What’s more, BPC is composed 

of a structure combining two benzophenone groups and a carbazole (scheme 1). As a 

result of this hybrid structure, a good or even improved photoinitiation ability are thus 

expected from this novel PI for wavelengths that are currently not accessible for neat 

BP. The chemical structures of BPC and other compounds used in this work are shown 

in Scheme 1. BPC has been reported previously but only as photosensitizer for 

iodonium and sulfonium salts in cationic polymerization22-23. To the best of our 

knowledge, BPC was never reported as radical PI.  

Trimethylolpropane triacrylate (TMPTA) and (3,4-epoxycyclohexane)methyl 

3,4-epoxycyclohexylcarboxylate (EPOX) are used as benchmark monomers for free 

radical polymerization FRP and cationic polymerization CP, respectively. Bis(4-tert-

butylphenyl)iodonium hexafluorophosphate (Iod), ethyl 4-(dimethylamino)benzoate 



(EDB) and triethanolamine (TEOA) are added into PISs to promote the 

photopolymerization and to study the photochemical properties. The photoinitiation 

ability of BPC was evaluated and the photoinitiation mechanism was also investigated. 

In addition, the application of the best PIS to 3D printing was carried out. 

 

 

Scheme 1. The structures of BPC and other compounds used in this study. 

 

(9-Ethyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) BPC was synthesized in 

one step using a Friedel-Craft reaction opposing 9-Ethyl-9H-carbazole to benzoyl 

chloride in the presence of aluminium chloride. The targeted compound could be 

isolated as a solid in 82% yield (see the characterization in supporting information).  

The UV-Vis absorption spectrum of BPC in acetonitrile is shown in Figure 1A. 

The maximum absorption wavelength λmax is 342 nm and the molar extinction 

coefficient at the maximum absorption wavelength εmax is 18600 M-1cm-1. Molecular 

orbital calculations on the optimized geometries are depicted in Figure 1B. A π-π* 

charge transfer transition is observed between the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LUMO) mainly located on the 

carbazole and the difunctional benzophenone moieties, respectively. The strong 

conjugation extension also contributes to redshift the absorption maximum at longer 

absorption wavelength compared to the unsubstituted carbazole or benzophenone 

which ensures a good overlap of the absorption of BPC and the emission spectra of near 



UV LEDs (e.g. LED@365 nm used in this work). 

 

Figure 1. (A) UV-Vis absorption spectrum of BPC, (B) Contour plots of the HOMO 

and the LUMO energy levels of BPC (B3LYP/6-31G* level). 

 

The polymerization profiles of TMPTA for FRP and EPOX for CP are depicted 

in Figure 2 and the final reactive function conversions are summarized in Table 1. 

Remarkably, BPC alone could effectively initiate the polymerization of TMPTA upon 

LED@365 nm irradiation and a final acrylate function conversion as high as 65% could 

be determined by Real-Time Fourier Transformed Infrared Spectroscopy (RT-FTIR) 

measurements. For BP alone, no polymerization occurs in these conditions. 

Interestingly, BPC has a one-component Type II PI behavior. When EDB acting 

potentially as a H donor (co-initiator) was used in combination with BPC, the 

polymerization rate was greatly boosted. It indicates that the difunctional 

benzophenone keep a high capacity for hydrogen abstraction in BPC structure. 

Consequently, the bimolecular interaction between BPC and EDB contributes to the 

FRP, as observed in traditional Type II systems24. Remarkably, the final acrylate 

function conversion of BPC/EDB system is slightly higher than the well-established 

Isopropyl-9H-thioxanthen-9-one (ITX)/EDB system for the same molar fraction 

(Figure S1) demonstrating its excellent initiating behavior in Type II systems (similar 

polymerization rates were found for BPC and ITX). The polymerization of TMPTA in 

the presence of BP and EDB leads to very poor polymerization profiles compared to 



BPC/EDB (Figure 2A; curve 2 vs. curve 6) upon LED@365 nm irradiation also 

showing the clear superiority of BPC to BP. 

In addition, the two-component BPC/Iod and the three-component BPC/EDB/Iod 

PISs exhibited excellent efficiencies. Iod acts as a familiar electron acceptor which 

promotes the polymerization well24. Especially, the BPC/EDB/Iod three-component 

system showed the best efficiencies from both the final function conversion and the 

polymerization rate viewpoint (see the chemical mechanisms in Scheme 2).  

The CP of EPOX in the presence of BPC/Iod (0.5%/1% w/w) was carried out 

under air. The final epoxy function conversion of is 46%. It demonstrates that BPC is 

also appropriate to CP demonstrating a versatile behavior. 

 

Figure 2. (A) Photopolymerization profiles of TMPTA (acrylate function conversion 

vs. time) in laminate upon LED@365 nm irradiation in the presence of (1) BPC alone 

(1.5%, w), (2) BPC/EDB (0.5%/1%, w/w), (3) BPC/Iod (0.5%/1%, w/w), (4) 

BPC/EDB/Iod (0.5%/1%/1%, w/w/w), (5) BP alone (1.5%, w), (6) BP/EDB (0.5%/1%, 

w/w); (B) Photopolymerization profile of EPOX (epoxy function conversion vs. time) 

upon LED@365 nm irradiation under air in the presence of BPC/Iod (0.5%/1% w/w). 

The irradiation starts for t = 10 s. 

 

Table 1. Final acrylate function conversions for TMPTA and epoxy function conversion 

for EPOX upon LED@365 nm irradiation at t = 400 s. 

PISs 

TMPTA EPOX 

BPC BPC/EDB BPC/Iod BPC/EDB/Iod BP BP/EDB BPC/Iod 

Conversion % 65 60 63 65 0 30 46 

 

Steady state photolysis experiments were carried out to investigate the 



interactions between BPC and additives. The absorption peak of BPC only slightly 

overlaps with that of EDB so that triethanolamine (TEOA) was used instead of EDB. 

The UV-Vis absorption spectra of BPC alone (Figure S2A) remained unchanged even 

after 30 minutes of irradiation and it could be ascribed to the very low concentration of 

BPC in acetonitrile preventing its bimolecular interaction. Conversely, photolysis of the 

BPC/TEOA system (Figure S2B) resulted in a decrease of the absorbance upon 

irradiation. The consumption of BPC was accompanied with the classical hydrogen 

abstraction and an electron transfer between the benzophenone moiety in BPC and the 

amino group in TEOA. A stronger photolysis was observed for a BPC/Iod (Figure S2C) 

system with formation of photoproduct at  > 375 nm indicating a strong interaction 

between BPC and Iod. It is similar with BPC/TEOA/Iod system (Figure S2D) and the 

isobestic points in photolysis suggest that the interaction in BPC/TEOA/Iod does not 

generate side-products. 

Fluorescence quenching experiments are indicative of the interaction exciting 

between BPC and the different additives in the excited singlet state. The fluorescence 

quenching experiments of the BPC/EDB system (Figure S3A) revealed the 

fluorescence intensity of BPC to decline gradually with the increasing amounts of EDB. 

The slight deviation of fluorescence emission peaks could be attributed to the charge 

transfer complex25. The fluorescence quenching is also observed for the two-component 

BPC/Iod system (Figure S3C). High electron transfer quantum yields (Φet) are 

calculated (see Table 2) and the fluorescence quenching results indicate the presence of 

an effective electron transfer between BPC and EDB as well as Iod in the excited singlet 

state (see Scheme 2). 

To investigate the photoinitiation mechanism further, electron spin resonance-

spin trapping (ESR-ST) experiments were carried out in different PISs with phenyl-N-

tert-butylnitrone (PBN) as the radical trapping agent. For the irradiation of BPC alone 

in solution (Figure S4A), a PBN radical adduct is characterized by hyperfine coupling 

constants aN = 14.2 G and aH = 2.6 G that can be assigned to an aminoalkyl radical BPC(-

H)˙ in agreement with ref 26. Another radical adduct was observed but it can’t be fully 

identified. Therefore, under irradiation, bimolecular hydrogen abstraction can occur 



between a benzophenone moiety and the amino group in carbazole to generate BPC(-

H)˙ radical which can initiate the FRP effectively. The mechanism is depicted in the 

following reactions (r1 and r2; Scheme 2). Using the redox potentials of BPC (Eox = 

1.4V23, Ered = -1.85V; Ered is evaluated through Ered = Eox - Eband gap
27 and the Eband gap is 

obtained by BPC UV-vis spectrum) and the excited singlet state energy (ES1=3.17 eV; 

evaluated here from the crossing point between absorption and fluorescence spectra), 

the free energy change (G) for the electron transfer reaction in r2 is found close to 

0.08 eV suggesting a rather favorable process (using G = Eox – Ered – Es1
28) (Table 2). 

Therefore, an electron-followed by proton transfer reaction can be assumed in r2. 

 

BPC → 1,3BPC (hν) (r1) 

1,3BPC + 1,3BPC → BPC˙
- + BPC˙+ → BPC-H˙ + BPC(-H)˙ (r2) 

1,3BPC + EDB → BPC˙
- + EDB˙+ → BPC-H˙ + EDB(-H)˙ (r3) 

1,3BPC + Ar2I+ → BPC˙+ + Ar2I˙ → BPC˙+ + Ar˙+ ArI (r4) 

BPC-H˙ + Ar2I+ → BPC + Ar˙+ ArI + H+ (r5a) 

BPC˙+ + EDB → BPC + EDB˙+ (r5b) 

Scheme 2. Proposed chemical mechanisms. 

 

Table 2. Electron transfer quantum yields (Φet)a and free energy change (G)b between 

BPC excited state and different additives. 

 Φet
EDB Φet

Iod 
G(*BPC/BPC) 

/eV 

G(*BPC/EDB) 

/eVc 

G(*BPC/Iod) 

/eVd 

From 1BPC 0.99 0.78 +0.08 -0.32 -1.07 

From 3BPC   +0.26 -0.14 -0.89 

 

a: Φet = Ksv[additive]/(1+ Ksv[additive]), Ksv is obtained from Stern−Volmer treatment for fluorescence quenching 

(Figure S2). 

b: G = Eox – Ered – E*28, E* = ES1 for reaction from 1BPC = 3.17 eV and E* = ET1 for reaction from 3BPC = 2.99 

eV23. 

c: an oxidation potential of 1.0 V was used for EDB24. 

d: a reduction potential of -0.7V was used for Iod29. 



The ESR-ST spectrum obtained for the irradiation of the BPC/EDB system is 

shown in Figure 3A and a radical adduct is characterized by the hyperfine coupling 

constants aN = 14.4 G and aH = 2.5 G which are in agreement with EDB(-H)˙ radical.30 

Using the free energy change equation, a favorable G is found for the 1BPC/EDB 

interaction in agreement with a strong BPC/EDB interaction (G = -0.32 eV; using an 

oxidation potential of 1.0 V for EDB) (Table 2). Therefore, EDB acts as an electron 

donor and as a H donor able to generate active species for FRP (r3; Scheme 2) in 

agreement with better polymerization profiles for BPC/EDB vs. BPC alone.  

As shown in the Figure 3B, the irradiation of BPC/Iod solution leads to the 

formation of a radical adduct characterized by aN = 14.3 G and aH = 2.1 G; typical for 

the Ar˙ radical.31 Iod can act as an electron acceptor through the interaction with BPC 

and lead to aryl radical Ar˙ and cation BPC˙+ which are considered as the initiating 

species for the FRP and CP respectively (r4; Scheme 2). This is in full agreement with 

the negative free energy change observed for the 1BPC/Iod interaction (Table 2). 

The triplet state pathway for r3 and r4 can’t be ruled out as favorable Gs are 

calculated (Table 2).   

Ar˙ radical also be discovered in BPC/EDB/Iod system as the hyperfine coupling 

constants aN = 14.3 G and aH = 2.1 G (Figure S4B). Probably, there is a photoredox 

catalytic cycle in BPC/Iod/EDB system. The electron transfers from BPC-H˙ to Ar2I+ 

and from EDB to BPC˙+ can regenerate BPC once again (r5a and r5b; Scheme 2). The 

slower consumption of BPC during the photolysis of the BPC1/Iod/TEOA system 

compared to that observed in the BPC1/Iod system also proves the photoredox catalytic 

cycle. 

 



 

Figure 3. ESR-ST spectra of the radical adducts obtained in the presence of (A) 

BPC/EDB and (B) BPC/Iod upon LED@375 nm irradiation in tert-butylbenzene. 

 

The BPC/EDB/Iod system with the best performance for the FRP of TMPTA was 

used in the 3D printing experiments. The 3D pattern “BPC” was easily obtained through 

laser write experiments using a computer-controlled laser diode at 405 nm and the 

photopolymerization profile of TMPTA upon 405 nm irradiation is given in Figure S5. 

Profiles of the obtained 3D patterns were observed by numerical optical microscopy. 

As shown in Figure 4, there is an efficient photopolymerization and very good spatial 

resolution of the 3D patterns (within the size of the laser beam ~50 m). 

 

Figure 4. The 3D pattern “BPC” characterized by numerical optical microscopy. 

 

In summary, BPC exhibits good absorption properties and excellent 



photoinitiation ability (@365 or 405 nm). The benzophenone-carbazole coupling 

structure forms a one-component Type II PI and high reactive function conversion is 

obtained in the presence of BPC alone in FRP. In combination with EDB and Iod, the 

polymerization rate could be greatly improved. The photoinitiation mechanism is 

discussed in detail and the application of BPC/EDB/Iod system on 3D printing is proved 

effectively. Thanks to its higher molecular weight than BP and difunctional behavior 

(possibility to be linked to the polymer network by different moieties), BPC is also 

characterized by low migration properties. The development of other photoinitiators 

based on the carbazole scaffold is currently under progress. 

 

Experimental Section 

The UV−Vis absorption properties of the different PISs were studied using a JASCO 

V730 spectrophotometer. The weight percent of BPC, EDB and Iod was calculated 

from the monomer content. The conversion of the epoxy groups was continuously 

monitored by Real-Time Fourier Transformed Infrared Spectroscopy (RT-FTIR, 

JASCO FTIR 4100) at ~790 cm-1 for EPOX and at ~1630 cm-1 for the acrylate functions 

in TMPTA. The irradiation starts at t=10 s. The fluorescence properties of the 

compounds were studied using the JASCO FP-6200 spectrometer. The ESR-ST 

experiments were carried out using an X-band spectrometer (Bruker EMX-Plus). 

Phenyl-N-tert-butylnitrone (PBN) was used as free radical trapping agent. N2 saturated 

tert-Butylbenzene solutions were irradiated upon LED@375 nm in room temperature.  

The obtained 3D pattern was analyzed by a numerical optical microscope (OLYMPUS 

DSX-HRSU). 
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Figure S1. Photopolymerization profiles of TMPTA (acrylate function conversion vs. 

time) in laminate upon LED@365 nm irradiation in the presence of (1) ITX/EDB 

(0.3%/1%, mol/mol), (2) BPC/EDB (0.3%/1%, mol/mol). The irradiation starts for t = 

10 s. 
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Figure S2. Photolysis of (A) BPC alone, (B) BPC/TEOA, (C) BPC/Iod, (D) 

BPC/Iod/TEOA upon LED@375 nm irradiation in acetonitrile ([Iod]=0.01M, 

[TEOA]=0.01M). 

 

 

 

Figure S3. (A) Fluorescence quenching of BPC by EDB in acetonitrile, (B) Stern–

Volmer treatment for BPC1/EDB fluorescence quenching, (C) Fluorescence quenching 

of BPC by Iod in acetonitrile, (D) Stern–Volmer treatment for BPC1/Iod fluorescence 

quenching. 



 

 

Figure S4. ESR-ST spectra of the radical adducts obtained in the presence of (A) BPC 

alone and (B) BPC/EDB/Iod upon LED@375 nm irradiation in tert-butylbenzene. 

 

 

 

Figure S5. Photopolymerization profiles of TMPTA (acrylate function conversion vs 

irradiation time) in laminate upon LED@405 nm irradiation in the presence of 

BPC1/Iod/EDB (0.5%/1%/1%, w/w/w). The irradiation starts for t = 10 s. 

 

Synthesis of BPC: 

All reagents and solvents were purchased from Aldrich or Alfa Aesar and used as 

received without further purification. Mass spectroscopy was performed by the 

Spectropole of Aix-Marseille University. ESI mass spectral analyses were recorded 

with a 3200 QTRAP (Applied Biosystems SCIEX) mass spectrometer. The HRMS 



mass spectral analysis was performed with a QStar Elite (Applied Biosystems SCIEX) 

mass spectrometer. Elemental analyses were recorded with a Thermo Finnigan EA 1112 

elemental analysis apparatus driven by the Eager 300 software. 1H and 13C NMR 

spectra were determined at room temperature in 5 mm o.d. tubes on a Bruker Avance 

400 spectrometer of the Spectropole: 1H (400 MHz) and 13C (100 MHz). The 1H 

chemical shifts were referenced to the solvent peaks CDCl3 (7.26 ppm) and the 13C 

chemical shifts were referenced to the solvent peak CDCl3 (77.0 ppm). All 

photoinitiators were prepared with analytical purity up to accepted standards for new 

organic compounds (>98%) which was checked by high field NMR analysis. 

Synthesis of (9-ethyl-9H-carbazole-3,6-diyl)bis(phenylmethanone) 

 

AlCl3 (7.20 g, 54 mmol, M = 133.34 g/mol) was added by portion to a cooled solution 

of 9-ethyl-9H-carbazole (5.27 g, 27 mmol, M = 195.26 g/mol) and benzoyl chloride 

(7.6 g, 6.26 mL, 54 mmol, M = 140.57 g/mol, d = 1.211) dissolved in dry 

dichloromethane (DCM) (25 mL, stabilized with amylene). The solution was stirred at 

room temperature overnight. The solution was quenched with water. The organic phase 

was extracted several times with DCM. The organic phases were combined, dried over 

magnesium sulfate and the solvent removed under reduced pressure. The residue was 

suspended in a minimum of DCM and addition of pentane precipitated a white solid 

that was filtered off, washed several times with pentane and dried under vacuum (8.93 

g, 82% yield). 1H NMR (CDCl3) δ : 1.53 (t, 3H, J = 7.2 Hz), 4.48 (q, 2H, J = 7.3 Hz), 

7.49-7.54 (m, 6H), 7.58-7.64 (m, 2H), 7.82-7.86 (m, 4H), 8.09 (dd, 2H, J = 8.6 Hz, J = 

1.6 Hz), 8.59 (d, 2H, J = 1.6 Hz); 13C NMR (CDCl3) δ : 139, 38.2, 108.7, 122.8, 124.2, 

128.3, 129.1, 129.7, 129.9, 131.9, 138.7, 143.2, 196.4; HRMS (ESI MS) m/z: theor: 

403.1572 found: 403.1574 [M+H]+ detected). 


