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Azacalixphyrins as an Innovative Alternative for the Free-Radical 
Photopolymerization under Visible and NIR Irradiation without 
the Need of Co-Initiators 

Louise Breloy,a Rana Mhanna,b Jean-Pierre Malval,b Vlasta Brezová,c Denis Jacquemin,*d Simon 
Pascal,e Olivier Siri,*e and Davy-Louis Versace*a 

Azacalixphyrins are unique aromatic macrocycles featuring strong absorption from the visible to the near-infrared (NIR) 

spectral ranges. This work demonstrates through EPR spin-trapping experiments that the N-alkyl tetrasubstituted 

azacalixphyrin (ACP) can lead to the formation of carbon-centered radicals initiating for the free-radical photopolymerization 

(FRP) of bio-based acrylate monomer upon the irradiation of several light emitting diodes, which emissions range from 455 

to 660 nm. Compared to other previously reported 

systems, the tremendous advantage of the ACP 

photoinitiating system is its ability to promote 

photopolymerization on its own, avoiding the 

introduction of co-initiators. A new potential 

application of this promising photoinitiator is 

highlighted through the fabrication of well-defined 

microstructures under NIR laser diode irradiation at λ 

= 800 nm.

Introduction 

Photopolymerization has attracted much attention these last 

decades with numerous applications in electronics, coatings,1-2 

medicine3-4 and more recently in 3D-printing5-6. Since the 

photopolymerization process is originally activated by UV-light, 

handling issues and high energetic consumption of UV-light 

sources prompted researchers to find new photoinitiating 

systems performing under visible-light and near-infrared (NIR) 

irradiation.7 Increasing excitation wavelength allows application 

of safe and low-energy light sources such as visible LEDs, and 

lead the light to a penetrate deeper in the matter.8 When UV-

induced polymerization applications were often limited to thin 

coatings (<50 μm), NIR-photoinitiating systems could lead the 

polymerization of thick samples up to a few centimetres,9-10 but 

also polymerization through thick barriers such as animal 

skins.11 Many performing visible-light photoinitiating systems 

were developed, based on dye photosensitizers12-14 or common 

UV photoinitiators with the red-shifted absorption.15-16 

However, promoting free-radical photopolymerization (FRP) 

under far-red and NIR irradiation remains a huge challenge, as 

the associated photons carry less energy. Nevertheless, few 

systems dedicated to NIR-photopolymerization have emerged 

recently.17-20 Among the most promising far-red and NIR 

photosensitizers (PS), highly conjugated macrocycles such as 

porphyrins and phthalocyanines stand out and were extensively 

explored because of their high molar extinction coefficients up 

to the NIR21-22 (> 1000 M-1 cm-1). Some works, notably by Boyer’s 

team, report the initiation of photoinduced electron/energy 

transfer-reversible addition–fragmentation chain transfer (PET-

RAFT) using porphyrins as reductant of RAFT agent.23-31 

Phthalocyanines were also used for PET-RAFT, but required the 

exploration of unusual reaction pathways, i.e. radical formed on 

the solvent32 or photosensitization of endoperoxides.11 

Concerning FRP, classical photoinitiating systems based on 

macrocycles, using iodonium salt or amines as co-initiators, are 

well-adapted to visible-light photopolymerization.21-22, 33-35 

However, they often fail to initiate polymerization at higher 

wavelength (λ > 550 nm), despite their strong radiation 

absorption.22, 33 As a consequence, Lalevée and co-workers 

suggested to use a combination of three- or four-components 

photoinitiating systems containing PS, for instance 

phthalocyanines9 or porphyrins,36-37 iodonium salt, phosphine 

derivative as oxygen inhibitor, and eventually a photothermal 

initiator. Rodgers et al.38 initiated FRP under red light thanks to 
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a derivative of Vitamin B12, leading to the cleavage of Co-C 

bond at high wavelength generating alkyl radicals. These 

uncommon systems underline the difficulty of finding efficient 

photoinitiating systems in the far-red and NIR ranges. In this 

context, the azacalixphyrin macrocycle may be interesting 

alternatives due to their NIR absorption but they were never 

investigated as photoinitiator. The first preparation of the 

unsubstituted azacalixphyrin macrocycle was reported in 2013 

highlighting the access to an unique panchromatic and NIR-

absorbing bis-zwitterion in no more than two synthetic steps.39 

More recently, the decoration of the periphery of that 

macrocycle with N-substituents (e.g. ACP, see Chart 1) allowed 

improving the solubility in organic solvents, tuning the optical 

properties, and revealed that the protonation of the ACP is 

prompt and occurs in protic medium, thereby enhancing the 

intensity of the lower energy absorption band.40-42 The strong 

NIR absorption of azacalixphyrins ca. 900 nm was useful to 

develop photoacoustic contrast agents and this maximum 

absorption has been recently shifted to the short wavelength 

infrared range, beyond 1000 nm, through the development of a 

highly delocalized fused bis-azacalixphyrin.43 

 

 

Chart 1. Structure of the N-octyl ACP. 

 

This work reports the first use of the N-alkyl tetrasubstituted 

ACP as an innovative visible and NIR absorbing photoinitiator 

without the need of any co-initiator. Free-radical 

photopolymerization of a bio-based monomer, soybean oil 

acrylate (SOA), in the presence of ACP was demonstrated under 

LED@455, 470, 505, 590, 625 and 660 nm exposure, and under 

NIR irradiation at 800 nm. The initiation mechanism was 

supported by electron paramagnetic resonance (EPR) spin 

trapping experiments and theoretical studies, and the kinetic 

profiles were followed by Real-Time Fourier Transform InfraRed 

(RT-FTIR) spectroscopy. Interestingly a well-defined two-

dimensional micro-structure was synthesized by 

stereolithography with a laser source at 800 nm.  

 

Results and discussion 
Absorption properties. The strong and panchromatic absorbance of 

azacalixphyrins goes up to ca. 1000 nm,40-41 and the absorption 

spectrum of ACP conveniently matches with the emission spectra of 

several LEDs used in this study (LEDs@455, 470, 505, 590, 625 and 

660 nm, see Figure 1). We highlight that ACP shows very high molar 

extinction coefficients at the aforementioned wavelengths in 

methanol (Figure 1, Table S1) or in the acrylate monomer (Figure S1). 

Also, a quite intense absorption is observed at 800 nm, wavelength 

commonly met in NIR laser diode. This makes ACP a promising 

candidate as photoinitiator for visible-light and NIR FRP. The nature 

of the absorption band of ACP has been investigated before,36,37 and 

additional TD-DFT can be found in the ESI (Table S2 and Figure S2). 

 

 

Figure 1. Absorption spectra of ACP in methanol superimposed with 

emission spectra of several LEDs. 

Generation of radicals under light activation. To initiate FRP, an 

absorbing molecule must be able to generate reactive species. As 

stated in the introduction, highly absorbing macrocycles (porphyrins 

or phthalocyanines) have attracted much attention these last years 

as photosensitizers to initiate FRP in the visible15, 21-22, 34-35 and/or NIR 

range.9, 36-37 However, co-initiators are typically required for 

generating radicals. In a previous work 22 we demonstrated that a 

metal-free dimethylaminophenyl-substituted phthalocyanine is able 

to generate under light irradiation, carbon-centred radicals on its 

own, allowing FRP of trimethylolpropane triacrylate (TMPTA). The 

initiating radicals were formed by intramolecular electron transfer 

between the macrocycle and the dimethylamino groups, replacing 

amine co-initiator. Interestingly, ACP includes octylamino groups on 

its structure, which prompted us to investigate the formation of 

radicals using EPR spin trapping technique.  

The photoactivation of an ACP/DMSO/DMPO/argon solution using 

LED@450 nm or LED@VIS sources led to the generation of low-

intensity noisy six-line signal with the spin-Hamiltonian parameters 

aN = 1.489 mT, aH
 = 2.063 mT; g = 2.0058 corresponding to the 

DMPO-adduct with a carbon-centred radical. The EPR signal intensity 

of this DMPO-adduct remained very low, despite the prolonged LED 

exposure (Figure S3) was applied, and we cannot exclude that this 

signal originated from solvent. Consequently, further EPR 

experiments were performed using POBN, i.e., a reactive nitrone spin 

trap soluble in DMSO solvent possessing a sufficient light-stability 

under given experimental conditions, as evidenced by the blank 

experiments. The LED@VIS exposure (450 nm) of ACP/DMSO/argon 

solutions in the presence of POBN resulted in the generation of six-

line EPR signal characterized by the asymmetric line-intensities 

(Figure 2A). The best simulation fit of the experimental spectrum 

represents superposition of two signals with slightly different 

hyperfine couplings, i.e. aN = 1.506 mT, aH
 = 0.238 mT; g = 2.0061; 

relative concentration 79% and aN = 1.464 mT, aH
 = 0.238 mT; 

g = 2.0061; 21%, which correspond to the POBN-adducts with 

carbon-centred radicals.44, 45 The detailed composite simulation and 
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its decomposition to the individual contributions (Voigtian signals of 
POBN-CR1 and POBN-CR2) is shown in Figure S4. Regarding the 

amine-rich structure of ACP, the trapped carbon-centred radicals are 

therefore most probably formed on the long alkylamino side chains 

C8H17 in alpha position of the nitrogen atom.46 (Figure 2B). DFT 

calculations reveal that this radical species is largely more stable than 

other possible radicals (Figure S5). The DFT spin density plot of the 

radical ACP is displayed in Figure 2C. As expected, one notices that 

the radical is mostly localized on the alpha C atom. However, a non-

negligible delocalization takes place on the vicinal conjugated six-

member cycle. The suggested and the most stable radical ACP is 

formed after electron transfer reaction between the photoexcited 

state of ACP and the amino groups of ACP followed by a hydrogen 

transfer process, thus leading to aminoalkyl radicals22. 

 

Figure 2. A) Normalized experimental (1) and simulated (2) EPR 

spectra obtained after 1800 s in situ LED@VIS nm (450 nm) exposure 

of deoxygenated DMSO solution of ACP in the presence of POBN spin 

trap. EPR spectrometer settings: microwave frequency, ~ 9.43 GHz; 

microwave power, 10.77 mW; center field, ~335.9 mT; sweep width, 

5 mT; gain, 1.00105; modulation amplitude, 0.05 mT; sweep time, 

45 s; time constant, 10.24 ms; number of scans, 10. B) 

Representation of the probable carbon-centred radical and C) 

representation of the radical species with a plot of the DFT-

computed spin density (contour: 8 x 10-3 au).  

 

Photopolymerization under visible/NIR light. The bio-based 

soybean oil acrylate (SOA) was chosen as a reference monomer due 

to its hydrophobic nature: long carbon chains of soybean oil were 

particularly adapted to the solubilization of ACP, having long alkyl 

C8H17 side chains. Kinetic profiles of the SOA photopolymerizations 

and the final corresponding acrylate conversions under LED@455, 

470, 505, 590, 625 and 660 nm irradiation at 10 mW.cm-2 are 

respectively reported in Figure 3 and Table S3. Irradiation at the 

three longest wavelengths should promote excitation to the third 

and fourth excited states, whereas the shorter wavelength should 

yield excitation of even higher-lying states (Table S2) As seen in 

Figure S2, all these excitations involve significant change of density 

on the nitrogen atom bearing the alkyl chains. Interestingly, at a fixed 

intensity of 10 mW.cm-2 (Figure 3), the conversions are relatively 

correlated with photon flux absorbed by ACP at each wavelength 

(Table S3). When a high absorbed photon flux of 25 x 1019 

photon/sm2 is absorbed at 625 and 660 nm, conversions reach 47% 

and 51% respectively. On the contrary, lower absorbed photon flux 

at lower wavelengths (almost 18 x 1019 photon/sm2) lead to final 

acrylate conversions between 20% and 30%. Increasing LEDs 

intensity to their maximum (55, 35, 20, 50, and 45 mW.cm-2 for 

LED@455, 470, 505, 590, and 625 nm respectively) lead to increase 

in both conversions and initial polymerization rates (Figure S6 and 

Table S3). Although the FRP of SOA at higher wavelengths than 500 

nm has never been reported yet, high final acrylate conversions 

between 37-56% were obtained with ACP at the six selected 

wavelengths. This demonstrates the great reactivity of the carbon-

centred radical identified by EPR spin trapping, allowing to initiate 

FRP of SOA.  In contrast to most previously reported photoinitiating 

systems upon far-red irradiation9, 37, ACP does not require the 

addition of co-initiators to initiate polymerization. The conversions 

obtained with ACP/SOA system are far higher than those previously 

reported photoinitiating system with dimethylaminophenyl 

phthalocyanine/TMPTA (between 7 and 22% TMPTA conversions22), 

that present an initiation mechanism analogous to the one of the 

ACP. As a comparison, SOA conversions at 455 nm and 470 nm are 

comparable or higher than the ones obtained previously by our team 

with two-components systems: anthraquinone, purpurin, mono and 

tri-allyl purpurin,47 associated with iodonium salt. Furthermore, 

these systems did not initiate polymerization above 530 nm, again 

contrasting to ACP. Although final SOA conversions remain lower 

than those reached with classical UV PIs,48 ACP is a quite unique 

example of one-component initiating system acting upon visible and 

NIR-light. We have also performed DFT calculations to explore the 

initial reaction step between the radical ACP displayed on Figure 2B 

and a model of methyl acrylate monomer. That reaction was found 

to be slightly exergonic (G of -2.4 kcal.mol-1, Figure S7) with a 

reasonably accessible transition state (21.9 kcal.mol-1) above the 

reactants. The product showed a spin density clearly localized on the 

acrylate site (Figure S8), confirming that the polymerization reaction 

can go on from that point. 

 

 

Figure 3. Kinetic profiles for the acrylate polymerization of SOA with 

ACP (0.5 wt%) photoinitiating system upon LEDs@455, 470, 505, 

590, 625 and 660 nm irradiation. Light intensity = 10 mW.cm-2. 

 

Fabrication of microstructure under NIR exposure. To demonstrate 

the applied potential of ACP for NIR microfabrication technologies, a 

2D microstructure was synthesized by exciting at 800 nm a SOA-

based formulation containing ACP as NIR photoinitiator. Figure 4 

shows a typical scanning electron micrograph (SEM) of a 2D logo.  
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Figure 4. SEMs (A: Face image, B: 40° tilted image) of a 

microstructure fabricated by NIR induced polymerization of SOA 

resin with ACP (0.5 wt%, irr: 800 nm, scale bar: 25 µm).  

Such a pattern was impressed into the resin through 

stereolithography method which consists in tightly focusing a NIR-

laser beam into the photoactive materials. The relative translation of 

the focus point allows a sequential point-by-point NIR 

polymerisation process yielding progressively the micropatterned 

object inside of the formulation. The final structure is next obtained 

by dissolving away the unexposed resin with ethanol. To the very 

best of our knowledge, this stands as the first example of 2D printing 

of SOA derived materials by laser excitation at 800 nm. 

Conclusions 

This work highlights new promising opportunities offered by 

azacalixphyrins. The specific structure of ACP leads to the formation 

of carbon-centred radicals upon light irradiation, probably via an 

intramolecular H-abstraction reaction. Thanks to its astonishing 

absorption properties, ACP demonstrates its capability to initiate FRP 

in the visible-light, far-red, and NIR ranges. ACP could be used as NIR 

photoinitiator for the design of well-defined micro-structures by 

stereolithography. Remarkably, the tremendous advantage of ACP 

photoinitiating system, compared to other previously reported 

systems, is its ability to promote polymerization on its own, avoiding 

thus the introduction of co-initiators.  
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