
HAL Id: hal-03230219
https://hal.science/hal-03230219

Submitted on 19 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

In situ generation of Ag nanoparticles during
photopolymerization by using newly developed

dyes-based three-component photoinitiating systems and
the related 3D printing applications and their shape

change behavior
Hong Chen, Guillaume Noirbent, Shaohui Liu, Yijun Zhang, Ke Sun, Fabrice

Morlet-savary, Didier Gigmes, Pu Xiao, Frédéric Dumur, Jacques Lalevée

To cite this version:
Hong Chen, Guillaume Noirbent, Shaohui Liu, Yijun Zhang, Ke Sun, et al.. In situ generation of
Ag nanoparticles during photopolymerization by using newly developed dyes-based three-component
photoinitiating systems and the related 3D printing applications and their shape change behavior.
Journal of Polymer Science, 2021, 59 (10), pp.843-859. �10.1002/pol.20210154�. �hal-03230219�

https://hal.science/hal-03230219
https://hal.archives-ouvertes.fr


In situ generation of Ag nanoparticles during 

photopolymerization by using newly developed dyes‐based 

three‐component photoinitiating systems and the related 3D 

printing applications and their shape change behavior 

Hong Chen1,2 Guillaume Noirbent3 Shaohui Liu1,2 Yijun Zhang1,2 Ke Sun1,2 Fabrice 

Morlet-Savary1,2 Didier Gigmes3 Pu Xiao4 Frédéric Dumur3 Jacques Lalevée1,2 

 
1 Université de Haute-Alsace, CNRS, IS2M UMR 7361, F-68100 Mulhouse, France; 

jacques.lalevee@uha.fr 
2 Université de Strasbourg, France 
3 Aix Marseille Univ, CNRS, ICR UMR 7273, F-13397 Marseille, France ; 

frederic.dumur@univ-amu.fr  

4 Research School of Chemistry, Australian National University, Camberra, ACT 2601, 

Australia; pu.xiao@anu.edu.au 

* Corresponding author: jacques.lalevee@uha.fr (J. L.), frederic.dumur@univ-amu.fr 

(F.D.); pu.xiao@anu.edu.au (P. X.). 

Abstract: In this work, 12 different dyes centered on 

2,5-diethylene-cyclopentane-1-one were firstly synthesized and used as 

high-performance photoinitiating systems (PISs) in combination with 

bis(4-tert-butylphenyl (Iod) and bis(4-tert-butylphenyl (amine) to induce the free 

radical photopolymerization (FRP) of the polyethylene glycol diacrylate (PEG-DA) 

and cationic photopolymerization (CP) of 3,4-epoxycyclohexylmethy 

l-3,4-epoxycyclohexanecarboxylate (EPOX) under a light-emitting diode (LED) at 405 

nm. To demonstrate the involved reaction mechanisms, several characterization 

techniques were used, including steady state photolysis, emission spectroscopy, 

ESR-spin trapping experiments as well as cyclic voltammetry. In addition, excellent 

photopolymerization efficiency were followed by real-time FTIR spectroscopy. More 

interestingly, 3D patterns were successfully fabricated through the direct laser write 

(DLW) technology, which exhibits reversible swelling performance and reversible 

shape-memory effects caused by swelling and dehydration for the access to 4D 

printing. 
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1. Introduction 

In recent years, due to the adjustable optical properties of metal nanoparticles 

(MNP) such as silver, gold or platinum, the potential applications of them in advanced 

materials like photovoltaic technology [1], electronic [2,3] and optical detection 

systems [4], solar concentrators/reflectors or filters [5-6]. etc, have attached great 

attention. In order to adapt to these new applications, a large amount of research on the 

synthesis and processing of metal nanoparticles has been carried out, whose purpose is 

to generate nano- or micro-layers on various substrates [7-8]. An appropriate synthesis 

method is the key to control the morphology and the size of MNP and its subsequent 

physical and optical properties. Many MNP synthesis routes e.g. chemical methods, 

radiation methods, solvothermal methods, etc, have been reported, which mainly relies 

on the precipitation of nanoparticles from the precursor solution by reducers [9-12]. 

However, most of them existence some disadvantages, for examples, require 

sophisticated fabrication equipment, induce expensive cost or lack of mechanical 

strength, et [13].  

In order to avoid these drawbacks, composite materials based on nanoparticles and 

polymer matrix have recently attracted attention due to their synergistic effects [14-16]. 

Photopolymerization technology can provide a useful method for generating polymers 

suitable for various applications ranging from imaging, radiation curing, and optics 

technologies to (bio)medicine, microelectronics, and materials science, as its mild 

reaction conditions and controllability in time and space [17-19]. An excellent 

photoinitiator (PI) plays a vital role in the photopolymerization process, which induces 

the liquid monomers rapidly conversed into highly crosslinked solid polymers by 

absorbing the appropriate wavelengths of light to generate reactive species (e.g. 

cations, free radicals, anions…), furthermore, the reactive species can also reduce the 

metal salt to metal nanoparticles [20].  

According to the abovementioned requirements, 12 new dyes centered on 

2,5-diethylene-cyclopentane-1-one were firstly designed and synthesized, which 

combined with amines and Iod as photoinitiation system (PIS) to study their 



polymerization efficiency for free radical polymerization (FRP) and cationic 

polymerization (CP). Subsequently, the photochemical mechanism involved in the 

polymerization process was studied in detail through steady-state photolysis, 

fluorescence quenching, cyclic voltammetry and electron spin resonance (ESR) 

experiments, and the calculation of free energy changes. Finally, the newly proposed 

photo-initiated system was used to successfully prepare a three-dimensional 3D pattern 

with a certain spatial resolution. This work proposes an efficient and environmentally 

friendly method that the photopolymerization process of the PEG-DA and the in-situ 

reduction of silver nitrate to AgNPs are concurrent carried out to obtain a PEG-polymer 

with a complete distribution of silver nanoparticles, which not only has reversibility 

swelling properties but also exhibits reversibility shape-memory effect. This innovative 

method is full of promise for the preparation of metal polymer coatings and the 

preparation of flexible conductive materials. 

 

Scheme 1. Chemical structures of dyes 1-12. 

 

2. Materials and Methods  

2.1 Material 



The 12 different chalcone-based dyes (1-12) were used as photoinitiators that 

prepared as reported in the SI, their molecular structures are given in the Scheme 1. The 

free radical photopolymerization monomer polyethylene glycol diacrylate (PEG-DA) 

was obtained from Sartomer-Europe, while the cationic photopolymerization 

benchmark monomer 3,4-epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate 

(EPOX) was purchased from Allnex. Bis-(4-tert-butylphenyl) iodonium 

hexafluorophosphate (Iod) used as co-initiator and ethyl 4-dimethylaminobenzoate 

(amine, EDB) used as electron donor were all purchased from Lambson Ltd. The 

electron capture agent Phenyl-N-tert-butylnitrone (PBN) was purchased from 

Sigma-Aldrich (St. Louis, MO, USA). Their corresponding chemical structures are 

presented in Scheme 2. The solvent (e.g., acetonitrile, dimethyl sulfoxide and 

tert-butylbenzene) uesed in this study were all of analytical grade and purchased from 

Sigma-Aldrich (St. Louis, MO, USA). 

 

Scheme 2. The chemical structure of other additives and monomers used in this study. 

 

2.2 Free Radical Photopolymerization (FRP) and Cationic Photopolymerizations 

(CP) Initiated by dye/Iod/amine PIS 

Dyes/Iod/amine combinations were used as PIS for FRP and CP under near UV 

or visible light of LED 405nm (I0 = 110 mW/cm2) and 470nm (I0 =  mW/cm2). The 

weight contents of each components were calculated from the weight of monomers 

(PEG-DA or EPOX), which are maintained at 0.1wt%/1.5wt%/1.5wt% (w/w/w), 

respectively. All these dyes were dispersed well in the resins (PEG-DA and EPOX). 

FRP of the PEG-DA (thickness about 20 m or 2mm) was performed in laminated 



condition to reduce the O2 inhibition, while CP of EPOX (thickness ∼20 m) was 

carried out in air. The conversions of epoxy or acrylate functions were continuously 

monitored by real-time FTIR spectroscopy (JASCO FTIR 4100) which followed by 

the characteristic peaks around 790 cm−1 or 3700 cm-1 (EPOX) and 1600 cm−1 or 6160 

cm−1 (PEG-DA), respectively [21].  

 

2.3 UV-Vis Absorption Properties, Photolysis and Fluorescence Experiments of 

the Dyes. 

The UV-vis absorption properties of the 12 different chalcones-based dyes and the 

photolysis of dyes based one-, two- and three- compound PIS (dyes, dyes/Iod, 

dyes/amine, dyes/Iod/amine) were studied by the JASCO V730 spectrophotometer. All 

of the dyes were dissolved in acetonitrile and analyzed with a concentration of 1×10-5 M 

for dyes and 0.01 M for Iod and EDB during the photolysis process. Moreover, their 

fluorescence properties were studied through the JASCO FP-6200 spectrofluorimeter 

in acetonitrile at the concentration about 1×10-5 M [22]. 

 

2.4 Redox Potentials of Dyes. 

The redox potentials (Eox and Ered) of chalcone-based dyes were determined by 

cyclic voltammetry that using tetrabutylammonium hexafluorophosphate as the 

supporting electrolyte in acetonitrile. Free energy change (∆GS1
Iod or ∆GS1

EDB) for the 

electron transfer reaction between dyes with Iod/amine were calculated from equation 1 

or 2, where Eox, Ered and E* are the oxidation potential of the electron donor, the 

reduction potential of the electron acceptor and the excited state energy level 

(calculated from the crossing point of UV-visible and fluorescence spectra), 

respectively. According to literature data, the reduction potential of Iod was -0.7 eV and 

the oxidation potential of EDB was 1.0 eV [23-24].  

  ∆GS1 
Iod = Eox - (-0.7) -E* (1) 

∆GS1 
EDB = 1.0 - Ered – E* (2) 

 



2.5 Electron Spin Resonance (ESR) Spin Trapping (ESR-ST) Experiments 

An X-band spectrometer (Bruker EMX-plus) was used for ESR-ST experiments. 

The generated radicals were trapped by PBN at room temperature in N2 saturated 

tert-butylbenzene solutions upon LED@405nm irradiation light. ESR spectrum 

simulated through WINSIM software [25]. 

 

2.6 Preparation of Silver nanoparticles (AgNPs) in DMF 

Silver nanoparticles were prepared in DMF solution in the air. 

0.4wt%-Dye/Iod/amine-based PIS (0.1wt%/1.5wt%1.5wt%) and 4wt%-AgNO3 were 

dissolved in 10 mL DMF, after that sonicate the solution for 10 minutes and irradiated 

using LED@405nm (I0 = 110 mW/cm2) to prepare the AgNPs [26]. 

 

2.7 Preparation of AgNPs within PEG-polymers through in-situ 

Photopolymerization Process 

Dye/Iod/amine (0.1wt%/1.5wt%1.5wt%) and AgNO3 (4wt%) were dissolved in 

PEG-DA. The formulation is mixed with an ultrasonicator for 5 min to make the metal 

salt well distributed before polymerization. After that, the photopolymerization profile 

was followed by the real-time FTIR spectroscopy and the PEG-AgNPs nanocomposite 

film was obtained by coating the formulation on the glass plate using Bar Coaters and 

curing under LED@405nm. 

 

2.8 TEM Experiments. 

The morphology of the generated AgNPs within the DMF solvent and 

PEG-polymers were observed by a transmission electron microscope (TEM, FEI 

Quanta 250 FEG). 

 

2.9 Laster Write Experiments 

Laster write experiments were carried out using computer programmed laser 

diode at 405nm (Thorlabs, spot size is about 50 μm). Photosensitive formulations 

containing PEG-DA, dyes-based PIS and/without metal salt under solvent-free 



conditions were written in the air and the obtained 3D patterns were analyzed using a 

numerical optical microscope (DSX-HRSU from Olympus Corporation) [27]. 

 

2.10 Swelling Experiment of PEG-polymers  

The swelling experiments of PEG-polymers containing/without AgNPs were 

investigated by immersing in deionized water at room temperature. Then, the polymers 

(n = 3) were taken out to measure the wet weigh (Wt) after reaching the swelling 

equilibrium and compared with their initial wet weight (W0), after that the swollen 

polymers were put in a 50 oC oven to remove the absorbed water. The swelling ratio 

(Sr) was defined according to equation 3, and the volume changes ratio of the patterns 

during the swelling process, namely the initial volume (V1), the volume at swelling 

equilibrium (V2) and the volume after dehydration (V3), were calculated according to 

equation 4 [28, 29].  

Sr (wt%) = (Wt-Wo) / Wo × 100    (

3) 

R (wt%) = (V2 / V1) × 100 (

4) 

2.11 Shape-Memory Effect of PEG-polymers containing/without AgNPs (4D 

behavior) 

The reversible temporarily deformation effect of the polymerization products 

containing/without AgNPs were conducted via swelling and dehydration induced 

actuation:  at first, the products were immersed into water for 1 min at room 

temperature; after that, took them out from water and put into oven around 80 °C for 

20 min to dehydrate the swollen water; finally, the products were taken out into room 

temperature to recovery their original shapes. 

 

3. Results and Discussion 

The photo-physicochemical properties as well as the chemical mechanisms of 12 

different proposed dyes as the photoinitiators have been investigated in details. 

3.1. UV-vis Absorption Properties of the Chalcone-based Dyes in Acetonitrile 



The absorption spectra of 12 different proposed dyes in acetonitrile were depicted 

Figure S1, while their absorption maxima (λmax) as well as extinction coefficients (εmax) 

at λmax and at the emission wavelength of the LED@405 nm and LED@470 nm are 

summarized in the Table 1. In fact, all dyes exhibited a stronger absorption peaks at 

visible resign (λ﹥390nm), while a weaker absorption peak or shoulder were observed 

at UV resign (λ ﹤300nm) for dyes 3, 5, 7, 8, 9, 10, 11 and 12. Furthermore, since the 

stronger maximum absorption peak of dye 5, 7 and 12 are appeared in the range from 

460 nm to 480nm, while the other PIs were appeared in the range from 390 nm to 

430nm, LED@405 nm and LED@470 nm have been chosen as the light source in this 

work to ensure a good overlap with the emission spectrum. Except the dye 8 whose 

extinction coefficients are all less than 5*103 M-1cm-1, the other dyes exhibited higher 

extinction coefficients (εmax) in the visible resign (e.g., 58 500 M-1cm-1 , 13 620 

M-1cm-1and 52 680 M-1cm-1 for dye 7 at λmax, λ@405nm and λ@470nm, respectively) 

corresponding to π-π* electronic transitions. In addition, the different substituents 

attached to the central part of 2,5-dimethylenecyclopentan-1-one will greatly affected 

their UV-vis absorption spectrum. Remarkably, the introduction of electron-donating 

groups causes a red-shift in the absorption spectrum, therefore the electron donating 

functions of these substituents are arranged as the following order: dye 7 ˃dye 5 and 12 

˃ dye 9 and 10 ˃ dye 11 and 8 ˃ dye3, 4 and 6 ˃ dye 1 and 2. 

 

Chalcone-based  

dyes 

λ
max 

(nm)
 

ε
max 

(M
-1

cm
-1

) 

ε
@405nm 

(M
-1

cm
-1

) 

ε
@470nm 

(M
-1

cm
-1

) 

1 

 

396 41 980 37 050    270 

2 

 

392 40 840 33 590    110 

3 

 

400 

274 

41 770 

69 250 

41 610   2720 

4 

 

399 42 500 41 580   1280 

5 

 

460 

274 

57 400 

37 300 

23 700 53 446 



6 

 

397 38 150 36 700   1710 

7 

 

485 

278 

65 670 

22 680 

16 200 59 370 

8 

 

418 

268 

 6970 

12 890 

  6800   1600 

9 

 

428 

283 

61 130 

15 340 

50 310 16 540 

10 

 

427 

280 

42 062 

14 160 

32 270 14 380 

11 421 

236 

36 350 

46 810 

30 560 10 160 

12 460 

298 

47 620 

35 060 

25 300 44 400 

Table 1. Light absorption properties of dyes 1-12 in acetonitrile: maximum absorption 

wavelengths λmax; extinction coefficients at λmax (εmax) and extinction coefficients at the 

emission wavelength of the LED@405 nm (ε@405nm) and LED@470 nm (ε@470nm). 

 

3.2 Photopolymerization Kinetics of the Proposed Dyes-based PISs. 

3.2.1. Free radical polymerization (FRP) kinetics of PEG-DA. 

The photoinitiation abilities of dye/Iod/amine (0.1wt%/1.5wt%/1.5wt%) based 

three-compound PISs for the FRP of PEG-DA were studied upon irradiation with 

LED@405nm or LED@470nm at room temperature. The different polymerization 

profiles can be found in Figure 1, and the final acrylate function conversions (FC) are 

simplified in Table 2. It can be seen that all these dyes-based PIS exhibited better 

photoinitiating efficiencies than the blank PIS (FC 76wt%) consisting of the 

co-initiator (Iod, 1.5wt%, w/w) and the electron donor (amine, 1.5wt%, w/w) upon 

irradiation with LED@405nm at the thickness about 20μm (Figure 1A). It 

demonstrated that the presence of the dyes is crucial to boost their polymerization 

performance. Remarkably, dyes 2, 3, 8 and 9-based PIS achieved more than 90wt% 

conversions within 50 s, which were much higher and faster than that obtained by other 

dyes-based PIS. However, under the same conditions, for the thick sample whose 

thickness is about 2mm, it’s clearly that only dye 5-based PIS showed better 

photopolymerization kinetics in the comparision with the blank PIS (conversion: 92% 

of dye 5vs 87% of blank), while the conversion of other dyes-based PIS achieved are 

all less than 70% within 200s. 



More interestingly, upon irradiation with the LED@470nm, the blank control that 

initiated by the Iod/amine-based PIS can’t deep curing both at the thickness of 20μm 

and 2mm, while better photopolymerization kinetics were observed for the dyes-based 

PIS. Furthermore, as shown in Figure 1C, for the thin samples, the conversions of all 

dyes-based PIS achieved are all less than 90% which are smaller than that achieved 

under LED@405nm; while for the thick samples, dye 5-based PIS also achieved the 

best effectiveness (see Figure 1D) which can be assigned to its high molar extinction 

coefficients (e.g., 63 170 M-1cm-1, 27 360 M-1cm-1 and 58 880 M-1cm-1 for dye 5 at 

λmax, λ@405nm and λ@470nm respectively, see table 1).  

In comparison with the initiating ability including the final monomer conversions 

(Table 2) and the rates of polymerization (the initial slope of the curves, Figure 1) of all 

dyes-based PIS, LED@405nm is more suitable as the light source to initiate the FRP of 

PEG-DA than the LED@470nm. Under this condition, dyes 2, 3, 5, 8 and 9 were 

selected and proved to be excellent candidates to boost the polymerization for PEG-DA 

with the thickness of 20 μm or 2 mm in laminate, matching with their higher extinction 

coefficient at the wavelength of 405nm.   

 

Figure 1. Photopolymerization profiles of PEG-DA (conversion of C=C bonds vs 

irradiation time) initiated by dyes/Iod/amine (0.1wt%/1.5wt%/1.5wt%, w/w/w) in 

laminate with different conditions, (A) irradiation by a LED@405nm (I0 = 110 



mW.cm−2) with the thickness about 20μm; (B) irradiation by a LED@405nm (I0 = 110 

mW.cm−2) with the thickness about 2mm; (C) irradiation by a LED@470nm (I0 =  

mW.cm−2) with the thickness about 20μm; (D) irradiation by a LED@470nm (I0 =  

mW.cm−2) with the thickness about 2mm, the irradiation starts form t =10s. 

 

Final acrylate function conversions (FC) initiated by dye/Iod/amine 

 

Dyes 

LED@405nm LED@470nm 

Thickness~20μm Thickness~2mm Thickness~20μm Thickness~2mm 

1 76% 7% 40% - 

2 93% - 31% - 

3 96% 70% 39% 40% 

4 80% 30% 89% 70% 

5 73% 92% 70% 90% 

6 83% - 65% 50% 

7 75% 70% 68% 70% 

8 92% - 5% - 

9 90% 13% 63% - 

10 75% 62% 76% 88% 

11 76% 62% 84% 57% 

12 79% 25% 86% 30% 

Blank 76% 87% - - 

‘-’ means not deep curing after irradiation for 200s 

Table 2. Summary the FCs for the PEG-DA monomer while using 

dye/Iod/amine-based PISs with the thickness about 20μm and 2mm upon 

LED@405nm and LED@470nm. The blank corresponds iodonium/amine initiating 

systems without dyes. 

3.2.2. Cationic polymerization (CP) kinetics of EPOX. 

The initiating ability of the proposed dyes-based PIS for the CP of the EPOX were 

also studied upon irradiating with the LED @405nm in the air. As shown in Figure 2, 

the polymerization rate (the initial slope of the curves) of all dye-based PIS are much 

faster than that of blank PIS, while only the final conversion achieved by dye 6-based 

PIS is higher than that obtained by the blank PIS (92wt% of dye 6 vs 77wt% of blank, 

as shown in Table S1), which highlighting the crucial role of the three-component 



systems for the overall performance. In addition, the thick samples can’t deep curing, 

while the thin samples can be polymerized under the same condition. The efficiency 

of these PISs is determined by their photochemical reactivity with Iod and amine as 

well as the ability to generate radical cation (dye●+) (as shown in the chemical 

mechanisms below).  

 

Figure 2. Photopolymerization profiles of EPOX (conversion of epoxy functions vs 

irradiation time) initiated by dyes/Iod/amine (0.1wt%/1.5wt%/1.5wt%, w/w/w) in the 

air upon irradiation with LED@405nm (I0 = 110 mW.cm−2) with the thickness of 

20μm, the irradiation starts form t =10s. 

 

3.2.3 Free Radical Polymerization (FRP) of PEG-DA Initiated by Dyes 3 and 5-based 

two-compound PISs or Dyes 3 and 5 alone as the PIs 

In order to emphasize the important effect of the dye/Iod/amine based 

three-component PIS for the overall performance, the photoinitiation ability of the 

two-component PIS of i) dye 3 or 5/Iod (0.1wt%/1.5wt%, w/w) and dye 3 or 5/EDB 

(0.1wt%/1.5wt%, w/w) and ii) dye 3 or 5 alone used as PI (0.1wt%, w/w) for PEG-DA 

were also studied. As depicted in the Figure 3, deep curing can’t be observed either for 

the thin samples or thick samples that only containing dyes 3 or 5 as PI. With the 

addition of Iod, the thick samples also can’t deep curing, while the thin samples could 

be polymerized that the efficiency were slightly smaller than that achieved by the dyes 

3 or 5/Iod/amine-based PISs (e.g. FCs ~90% of dye3/Iod vs ~96% of dye3/Iod/amine). 

Furthermore, with the addition of amine, the initiate ability of the thin sample of dye 

3/amine was much smaller than that achieved by the dyes 3/Iod/amine-based PISs (FCs 



~63% of dye3/amine vs ~96% of dye3/Iod/amine), while the thick sample of dye 

3/EDB also can’t deep curing. For the dye 5/EDB PIS, the polymerization efficiency of 

the thin samples and thick samples are slightly smaller than that obtained by dye 

5/Iod/EDB-based PIS under the same conditions. The above results prove that the 

coexistence of dyes, Iod and amine has a huge effect on improving the efficiency of 

FRP for PEG-DA. 

 

Figure 3. Photopolymerization profiles of PEG-DA (conversion of C=C bonds vs 

irradiation time) irradiation by a LED@405nm (I0 = 110 mW.cm−2) with the thickness 

(A) about 20μm and (B) about 2mm, initiated by 0.1wt% dye 3, 0.1wt% dye 3/1.5wt% 

Iod, 0.1wt% dye 3/1.5wt% EDB, 0.1wt% dye 5, 0.1wt% dye 5/1.5wt% Iod as well as 

0.1wt% dye 5/1.5wt% EDB. The irradiation time starts at t = 10 s.   

 

3.2.4 3D printing experiments based on the proposed three-component PISs. 

Since dyes 2, 3, 5, 8 and 9 were selected as excellent candidates to boost the FRP 

for PEG-DA and LED@405nm was selected as the light source, laser write 

experiments were carried out under these conditions. However, only dyes 3 and 

5-based formulations could be successfully writen to obtain a stable 3D letter pattern 

(“CZH”) with spatial resolution, and the morphologies were observed by the digital 

light microscopy which shown in Figure 4.  Furthermore, all of them can be finished 

within 3 minutes , while it took shorter irradiation time for dye 5-based systems to get 

the 3D patterns than that of dye 3-based system. 



 

Figure 4. Free radical photopolymerization of PEG-DA through laser write 

experiments initiated by dyes-based PIS with LED@405nm. Characterization of the 

3D patterns by numerical optical microscopy: (left) top surface morphology and (right) 

3-D overall appearance: (a) (b) for dye 3-based PIS; (c) (d) for dye 5-based PIS.  

 

3.3 Proposed Chemical Mechanisms 

3.3.1 Steady state photolysis. 

Steady-state photolysis of the dyes, dyes/Iod, dyes/amine as well as 

dyes/Iod/amine in acetonitrile have been carried out upon irradiation with a LED@405 

nm. As evidenced by the UV-vis absorption spectra in Figure 5, obvious photolysis and 

significant declines of the absorption intensity were observed within 2 min. In the case 

of dye 3-based PIS, three changes can be observed for dye 3 alone during the photolysis 

process, but only the main absorption peak near 400nm is decreased with the light 

irradiation, and 15% consumption of dye 3 is achieved, which is closing to that 

achieved by the dye 3/EDB PIS that only the decrease of absorption peak at 400nm 

could be observed. Furthermore, two changes can be observed for the dye 3/Iod-based 

PIS, which achieved 35% consumption of dye 3, the main absorption peak near 400nm 

is decreased while the absorption peak around 350 nm increased with the light 



irradiation. The dye/Iod/amine-based PIS achieved the highest consumption of dyes 

(~42%) within 120 s and the main absorption peak near 400 nm was also decreased.  

 

Figure 5. Photolysis of (A) dye 3; (B) dye 3/Iod; (C)dye 3/amine and (D) dye 

3/Iod/amine upon exposure to LED@405nm under air in acetonitrile. 

Remarkably, the photolysis process of the dye 5-based one/two or 

three-compound PISs were different to those of dye 3-based PISs, which shown in 

Figure 6, and the consumptions of dye 5 were summarized in Figure S2. The dye5/Iod- 

and dye 5/Iod/amine-based PIS exhibited a rapid photolysis that the main absorption 

peak near 450nm appeared a blue-shift and disappeared within 25s, and these two PISs 

reached about 80% consumption of dye 5. However, there were no obvious photolysis 

for the dye 5- and dye 5/amine-based PISs, which just realized 5% consumption of dyes 

within 25s. Since the speed of the photolysis process depends on the ability of the 

electron transfer between the dyes with the Iod or amine, the above photolysis results 

prove that dye 5 with Iod and amine exhibited higher electron transfer efficiency than 

that of dye 3, which is completely related to the additional amine group contained in the 

structure of dye 5. 



 

Figure 6. Photolysis of (A) dye 5; (B) dye 5/Iod; (C)dye 5/amine and (D) dye 

5/Iod/amine upon exposure to LED@405nm under air in acetonitrile. 

 



 

Scheme 3. (a) Proposed photoinitiation step mechanisms of dyes/Iod/amine initiating 

systems; (b) Photoinitiation mechanism of dyes/Iod/amine with metallic salts in air 

atmosphere. 

 

3.3.2 Fluorescence quenching experiments. 

The emission and fluorescence quenching spectra of dye 3 and 5 in acetonitrile 

were recorded and the different curves are presented in Figure S3. The addition of Iod 

or amine all clearly exhibited a decrease in the emission intensity of dye 3 and 5, which 

showed that the Iod and the amine can act as good quenchers since the interaction 

between the dye with Iod or amine in the excited singlet state. Remarkably, a linear 

curve can be fitted from the fluorescence quenching processes between the dyes with 

Iod. Furthermore, the value of the Stern-Volmer coefficients (KSV, the slope of the 

curve, Table 3) as well as the electron transfer quantum yield (ϕet, Table 3) for the 

expected electron transfer reaction between the dyes and Iod or amine can be calculated 

by the equation 5, which also showed the favorable fluorescence quenching processes 

of the excited singlet states by Iod or amine [30,31].  

Φet =Ksv *[Iod/amine]/ (1+ Ksv *[Iod/amine])                     (5) 

The theoretical feasibility of the interactions between dye/Iod (or dye/amine) was 

investigated by calculating the free energy changes of the electron transfer reactions 

(∆GIod or ∆GEDB, respectively). The first singlet excited state energy (ES1) can be 



defined through the point of intersection between the absorption and the fluorescence 

spectra (e.g. ES1 = 2.74 eV and 2.50 eV for dye 3 and dye 5, respectively; Table 5). The 

oxidation potential and the reduction potential of dyes 3 and 5 was studied through the 

cyclic voltammetry experiments. As shown in Figure 7, two oxidation peaks can be 

observed in the positive potential range of dye 5, which corresponds to further 

oxidation (irreversible) even at higher potentials. In addition, clear reduction peaks 

were also observed. For the dye 3, a clear oxidation peak and a reduction peak can be 

observed in this cycle. According to the equations (1) or (2), ∆GIod or ∆GEDB were 

determined from the oxidation potential Eox (or from the reduction potential Ered), and 

the first singlet excited state energy (ES1) that all of them are all less than 0 except the 

∆GEDB of dye 5 was 0. All these results revealed that the electron transfer reactions can 

be occurred between dyes/Iod and dyes/amine. 

 

Figure 7. Singlet state energy of (A) dye 3; (B) dye 5 determinated in acetonitrile and 

the cyclic voltammetry of electrochemical reactions of (C) dye 3 and (D) dye 5 in 

acetonitrile solvent against saturated calomel electrode (SCE) under N2 saturated 

solution.  

 Dye 3 Dye 5 



K
sv 

Iod

 (M
-1

) 93 58 

Φ
et 

Iod

 11 10 

K
sv 

Amine

 (M
-1

) 0.16 0.11 

Φ
et 

Amine

 0.06 0.055 

ES1（eV） 2.74 2.50 

Eox（eV） 1.33 0.79 

Ered（eV） -1.60 -1.50 

∆G
S1

 Iod -0.71 -1.01 

∆G
S1

 EDB 
-0.14 0 

Table 3. Parameters characterizing the fluorescence properties of dye 3 and 5 in 

acetonitrile: Interaction constant (Ksv) of dye-Iod and dye-EDB systems calculated by 

Stern-Volmer equation; electron transfer quantum yield (Φet) of dye/Iod and dye//EDB 

interactions; singlet excited state energy (ES1); oxidation potential (Eox) and reduction 

potential (Ered) measured by Cyclic Voltammetry experiments as well as free energy 

change of singlet electrode (∆GS1). 

 

3.4.4 ESR experiments of dye 5–based photoinitiating system 

The ESR-spin trapping experiments were successfully performed under N2 to 

detected the generated radicals from the dye 5/ Iod and dye 5/amine solutions. As 

shown in the Figure S4 (A) and (B), the phenyl radicals were captured within the dye 5/ 

Iod that are depicted by the hyperfine coupling constants for nitrogen and hydrogen: aN 

= 14.4 G and aH = 2.2 G, which are completely consistent with the literature [32] and 

also proved the occurrence of interaction between dye and Iod showing in Scheme 3. 

Furthermore, the aN = 14.4 G and aH = 2.2 G detected from the dye 5/amine solution 

(Figure S4 (C) and (D)) evidenced the generation of aminoalkyl radicals according to 

experimental data published elsewhere (aN = 14.4 G and aH = 2.2 G, [33]).  

 



3.4.  AgNPs in DMF Solution and PEG-polymers. 

In this study, through redox reactions between dyes used as photoinitiators and the 

additive Iod/amines, a series of free radicals and cations were generated with the 

irradiation of LED@405nm (as shown in Scheme 3), which have two roles, one is to 

induce the polymerization of PEG-DA monomers, and the other is to reduce the metal 

salt in to AgNPs in situ. The AgNPs generated in DMF solution can be indicated 

through the UV-vis absorption spectra and the change of color of the solution. As given 

in Figure 8 (A), two absorption peaks at 400 nm and 460 nm were observed and the 

absorption peak at 460nm was decreased since the photolysis of dye 5 while the 

absorption peak at 400nm was increased due to the generation of AgNPs after 

irradiation for 90 min. Moreover, the color of the solution changed from light brown to 

dark brown and even one side of the cuvette turned into silver color as the coating by 

silver nanoparticles (see in Figure 8 (B)). 

Furthermore, the AgNPs generated in PEG-polymers were characteristed through 

the changes of the color of the PEG-monomer polymerized upon irradiation with 

LED@405nm (see in Figure 8 (D)) which followed by the RT-FTIR. The color also 

changed from light brown to dark brown, while the same changes can also be observed 

when coating thin films from 4 layers to 20 layers. However, although the 

polymerization efficiency of the formulation containing AgNPs shown in Figure 8 (C) 

is lower than that obtained for the formulation without AgNPs, its final acrylate 

function conversion rate is still about 80% after irradiation for 300s. 



 

Figure 8. (A) In-situ preparation of AgNPs with dye 5/Iod/EDB (0.05 wt%) and 

AgNO3 (4 wt%) in DMF followed by UV-vis absorption spectroscopy in air 

atmosphere; (B) the color of solution turned to dark brown after 90 minutes light 

irradiation; (C) photopolymerization profiles of PEG-DA (conversion rate of C=C 

bonds vs irradiation time) containing AgNPs initiated by dye 5/Iod/amine upon 

exposure to a LED@405nm in laminate. The irradiation starts for t =10s; (D) The color 

changes of PEG-polymers containing AgNO3. 

The size and the shape of the AgNPs generated in DMF solution and 

PEG-polymers were detected by TEM and the images were given in Figure 9. The 

AgNPs in DMF are irregularly spherical with the size of about 2~4 nm, while the 

AgNPs in PEG-polymer are in a regular spherical shape with the size varied from 

20~40nm, which are much larger than that obtained in DMF since they aggregated. 



 

Figure 9. TEM images of (A) AgNPs prepared in DMF solution; (B) AgNPs prepared 

in PEG-polymer from FTIR experiment; (c) AgNPs prepared in 20 layers of 

PEG-polymer films. 

 

3.5 Applications in 4D  

3.5.1 Swelling experiment of PEG-polymers with/without AgNPs. 

The swelling ratios of the PEG-polymers with/without AgNPs that initiated by 

the three-component PISs based on dyes 3 or 5/Iod/amine (0.1wt%/1.5wt%/1.5wt%) 

were investigated. As shown in Figure 10, after immersing the polymers in water to 

reach the swelling equilibrium, the swelling ratio of the polymers without AgNPs were 

about 70wt%-90wt%, and their volumes increased about 170wt%-190wt% (see in 

Table 5) than its primary. However, the swelling ratio of the AgNPs-containing 

polymers were about 60wt% and the ratio of their volume increased were about 

150wt%-160wt%, which were smaller than that achieved by the polymers without 

AgNPs. This may be due to the decrease of the crosslink density of the polymers since 

the generation of AgNPs. Subsequently, the polymers that reached swelling 

equilibrium were heated in an oven at 50°C for 1h to remove the contained-water, they 

returned to their original weight and volume (as shown in Figure 10(B)), while the 

shape was a little deformed, indicating that the swelling behavior of these polymers are 

reversible.  



 

Figure 10. (A) the swelling ratio of PEG-polymer with/without AgNPs prepared 

using dye/Iod/amine; (B) the photos of PEG-polymer with/without AgNPs initiated by 

dye/Iod/amine before water swelling, after water swelling for 24h and after heating 

for 1h to remove water. 

 
 

Dye 3 Dye 5 Dye 3 with 

AgNPs 

Dye 5 with 

AgNPs 

V
1
 (mm

3

) 
39.39 42.74 27.97 31.11 



V
2
 (mm

3

) 
69.32 81.23 40.27 49.60 

V
3
 (mm

3

) 
38.12 34.98 16.28 30.40 

R (%) 176wt% 190wt% 144wt% 160wt% 

Table 4. The 3D pattern volumes for the comparison in the cycle: before water swelling 

(V1), swelling equilibrium (V2), after heating (V3) as well as the increase ratio of 

volume after swelling (R).  

 

3.5.2 The reversible deformation effect of PEG-polymer with/without AgNPs. 

The combination of the proposed dye 5/Iod/amine based PIS and PEG-DA can be 

used for 3D bioprinting as the high biocompatibility and hydrophilicity of PEG 

polymers. According to my previous study [34], the reversible deformation effect of 

PEG-polymers is associated with the irradiation time, so we chose the best irradiation 

time to prepare a cross object with spatial resolution characteristics and detect its 4D 

deformation effect via swelling and dehydration. Subsequently, the influence of silver 

nanoparticles on the 4D deformation properties of PEG-polymers is also studied by 

comparing the shapes change performance of PEG-polymers with/without AgNPs. As 

shown in Figure 11(A)/(B) -1, the color of the cross containing AgNPs is darker than 

the polymer without the AgNPs. After soaked in a water filled beaker, these two 

polymers all curled as swelling in water, while the degree of deformation of the 

polymer without AgNPs is greater than that of the polymer containing nanoparticles 

(Figure 11 (A)/(B)-2 and SI Video 1 or 3). Subsequently, the polymers removed from 

water and heated at 80°C to dehydrated. Correspondingly, the curled cross flattened out 

and returned to its original shape after 5 mins as the contained water removed (Figure 

11 (A)/(B)-3 and SI Video 1 or 3). Then the continuous heating for 10 minutes to 

completely dehydrate the cross could makes them curled upside down as shown in 

Figure 12 (A)/(B)-4 and the degree of deformation of the polymer containing AgNPs is 

also smaller than that of the polymer without nanoparticles. Finally, removed the curled 

polymers into room temperature, the curled polymers were gradually flatted out or even 

returned to its primary shape (see Figure 11 (A)/(B)-5). Figure 11(A)/(B)-6 to 8 shows 

the second deformation process of these two polymers, which demonstrated that the 

available hydrogels initiated by the new PIS based on dye 5/Iod/amine have a reversible 



deformation effect due to its thermal- and water- responsiveness of PEG and the 

presence of AgNPs in PEG-polymers will reduce the degree of 4D deformation 

[35-37].   

 

Figure 11. (A) Swelling and dehydration induced actuation of (A) PEG-polymer and 

(B) PEG-polymer containing AgNPs initiated by dye5/Iod/amine irradiation with 

LED@405 nm: (1) cross of PEG-polymer after 1min light irridiation, (2) cross after 

water swelling for 1 min (see SI Video 1 or 3), (3) cross after 100 seconds of 

dehydration (heating at 100 ℃, see SI Video 1 or 3), (4) cross after 10 mins of 

dehydration (heating at 100 ℃), (5) cross after stay at room temperature for 10 mins; 

(6) cross after water swelling again for 1 min (see SI Video 2 or 4); (7) cross after 100 

seconds of dehydration (heating at 100 ℃, see SI Video 2 or 4), (8) cross after 10 mins 

of dehydration (heating at 100 ℃).  

 

4. Conclusions 

In conclusion, twelve different dyes with 2,5-diethylene-cyclopentane-1-one as 

the main structure were synthesized and used as photoinitiators with the combination 

of Iod and EDB. Under LED irradiation, the oxidation–reduction reactions could take 

place between dyes and Iod/EDB, which generate free radicals and cations to induce 



the polymerization of PEG-DA/EPOXY monomer, furthermore, it can also reduce the 

metal salt into AgNPs. As the π-conjugation in the molecular structures, all these dyes 

displayed strong absorption in the near UV or visible range, which in agreement with 

their excellent polymerization efficiency for the free radical polymerization and the 

cationic polymerization. Remarkably, dyes 3 and 5 proved to be the excellent 

photoinitiators. The steady state photolysis, fluorescence quenching as well as ESR-ST 

experiments were successfully performed to characterized the involved photochemical 

mechanisms. Finally, the PEG-polymers with reversible deformation effect can also be 

observed and the generation of AgNPs could reduce their swelling and 4D deformation 

performance. In addition, the above-mentioned photocurable resin with the thermal- 

and water-response can potentially be used in emerging fields including biomedical 

engineering, smart response materials, etc. 
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Figure S1. The UV-vis absorption spectra of dyes 1-12 in acetonitrile. 

 

Final epox function conversions (FC) initiated by dye/Iod/amine 

Dyes 1 2 3 4 5 6 7 

FCs 50% 48% 70% 46% 72% 92% 65% 

Dyes 8 9 10 11 12 Blank  

FCs 46% 45% 46% 69% 73% 77%  

Table S1. Summary of the FCs for the EPOX monomer dye/Iod/amine-based PISs 

with the thickness about 20μm upon LED@405nm. 
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Final acrylate function conversions (FC) initiated by dyes 3 and 5-based PIS 

Thickness 

~20μm 

Dyes 3 3-Iod 3-EDB 5 5-Iod 5-EDB 

FCs 

(wt%) 
- 88wt% 63wt% - 71wt% 73wt% 

Thickness 

~2mm 

Dyes 3 3-Iod 3-EDB 5 5-Iod 5-EDB 

FCs 

(wt%) 
- - - - - 89wt% 

Table S2. Summary the FCs for the PEG-DA monomer upon irradiation with a 

LED@405 nm that initiated by 0.1wt% dye 3, 0.1 wt% dye 3/1.5 wt% Iod, 0.1 wt% dye 

3/1.5 wt% EDB, 0.1 wt% dye 5, 0.1wt% dye 5/1.5wt% Iod as well as 0.1wt% dye 

5/1.5wt% EDB in laminate. 

 

 

Figure S2. The consumption of (A) dye 3 and (B) dye 5 during the photolysis process. 



 

Figure S3. (A) Fluorescence quenching of dye 3 by Iod (speedcure 938); (B) 

Stern-Volmer treatment for the dye 3/Iod fluorescence quenching; (C) Fluorescence 

quenching of dye 3 by amine (speedcure EDB); (D) Stern-Volmer treatment for the dye 

3/EDB fluorescence quenching; (E) Fluorescence quenching of dye 5 by Iod 

(speedcure 938); (F) Stern-Volmer treatment for the dye 5/Iod fluorescence quenching; 

(G) Fluorescence quenching of dye 5 by amine (speedcure EDB); (H) Stern-Volmer 

treatment for the dye 5/EDB fluorescence quenching. 



 

Figure S4. ESR spectra obtained from ESR-spin trapping experiment using PBN = 2 

mg/mL (as spin trap agent); iodonium salt (Speedcure 938) = 12 mg/mL; amine 

(Speedcure EDB) = 12 mg/mL and dye 5 = 0.8 mg/mL in acetonitrile under N2. (A) dye 

5/Iod; Irradiation time = 0 s (black) and = 30 s (red) spectra; (B) dye 5/Iod; Irradiation 

time = 30 s (black) and simulated (red) spectra; (C) dye 5/amine; Irradiation time = 0 s 

(black) and = 90 s (red) spectra; (D) dye 5/amine Irradiation time = 90 s (black) and 

simulated (red) spectra. 

  



Experimental part. 

 

All reagents and solvents were purchased from Aldrich, Alfa Aesar or TCI Europe 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 and on a Bruker Avance 300 spectrometer of the Spectropole: The 1H 

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

chemical shifts were referenced to the solvent peak CDCl3 (77 ppm). 

 

 

Synthesis of 2,5-Bis(furan-2-ylmethylene)cyclopentan-1-one 

chalcone 1 

 

2,5-Bis(furan-2-ylmethylene)cyclopentan-1-one 2119 

 

 

Yellow solid 

C20H22O3 

MW = 310.39 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). Furfural (1.92 g, 20 mmol, M = 96.08 g/mol) and 

NaOH 1M (10 mL) were then added at 0°C. The mixture was stirred at room 

temperature overnight. The yellow precipitate was filtrated off, washed with ethanol 

and dried under vacuum. 

 

1H NMR (CDCl3) δ : 7.59 (d, J = 1.6 Hz, 1H), 7.34 (d, J = 7.1 Hz, 1H), 6.70 (d, J = 3.5 

Hz, 1H), 6.54 (dd, J = 3.4, 1.8 Hz, 1H), 3.08 (s, 2H) 

13C NMR (CDCl3) δ :  195.34, 152.77, 145.03, 135.89, 119.82, 115.94, 112.63, 25.80 



 

 

 

chalcone 2 

2,5-Bis(thiophen-2-ylmethylene)cyclopentan-1-one 2118 

 



 

Yellow solid 

C20H22OS2 

MW = 342.51 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). Thiophene-2-carbaldehyde (2.24 g, 20 mmol, M = 

112.14 g/mol) and NaOH 1M (10 mL) were then added at 0°C. The mixture was stirred 

at room temperature overnight. The yellow precipitate was filtrated off, washed with 

ethanol and dried under vacuum. 

 

1H NMR (CDCl3) δ : 7.80 (s, 2H), 7.57 (d, J = 5.1 Hz, 2H), 7.40 (d, J = 3.5 Hz, 2H), 7.17 

(dd, J = 5.1, 3.7 Hz, 2H), 3.04 (s, 4H) 

13C NMR (CDCl3) δ :  195.03, 140.44, 135.82, 132.63, 130.35, 128.13, 126.26, 26.05 

 

 



 

chalcone 3 

2,5-Bis((E)-2,4-dibutoxybenzylidene)cyclopentan-1-one 2113 

 

 

------ solid 

C24H26O3 

MW = 362.47 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). 2,4-Dibutoxybenzaldehyde (5.00 g, 20 mmol, M = 

250.34 g/mol) and NaOH 1M (10 mL) were then added at 0°C. During stirring, a sticky 

solid formed so that THF (20-30 mL) was added to maintain the stirring of the solution. 

The solution was stirred at room temperature overnight. The yellow precipitate was 

filtrated off, washed with ethanol and dried under vacuum. 

 

1H NMR (CDCl3) δ : 7.98 (s, 2H), 7.47 (d, J = 8.6 Hz, 2H), 6.49 (dd, J = 8.6, 2.3 Hz, 

2H), 6.46 (d, J = 2.3 Hz, 2H), 3.98 (td, J = 6.5, 4.2 Hz, 8H), 2.96 (s, 

4H), 1.87 – 1.71 (m, 8H), 1.59 – 1.42 (m, 8H), 0.98 (td, J = 7.4, 3.0 

Hz, 12H) 

13C NMR (CDCl3) δ :  196.10, 161.55, 160.06, 135.29, 130.82, 127.42, 118.33, 105.25, 



99.52, 68.28, 67.82, 31.29, 31.22, 27.04, 19.36, 19.25, 13.88, 

13.85 

DFR4983 

 

 

chalcone 4 

 

2,5-Bis((E)-3,4-dibutoxybenzylidene)cyclopentan-1-one 2114 



 

 

------ solid 

C24H26O3 

MW = 362.47 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). 3,4-Dibutoxybenzaldehyde (5.00 g, 20 mmol, M = 

250.34 g/mol) and NaOH 1M (10 mL) were then added at 0°C. During stirring, a sticky 

solid formed so that THF (20-30 mL) was added to maintain the stirring of the solution. 

The solution was stirred at room temperature overnight. The yellow precipitate was 

filtrated off, washed with ethanol and dried under vacuum. 

 

1H NMR (CDCl3) δ : 7.52 (s, 2H), 7.20 (dd, J = 8.4, 1.9 Hz, 2H), 7.15 (d, J = 1.9 Hz, 

2H), 6.93 (d, J = 8.4 Hz, 2H), 4.05 (td, J = 6.6, 3.2 Hz, 8H), 3.10 (s, 

4H), 1.83 (dt, J = 14.5, 6.6 Hz, 8H), 1.57 – 1.46 (m, 8H), 0.99 (td, 

J = 7.4, 3.0 Hz, 12H) 

13C NMR (CDCl3) δ :  196.08, 150.63, 148.91, 135.26, 133.71, 128.94, 124.77, 116.23, 

113.16, 69.11, 68.78, 31.31, 31.21, 26.46, 19.26, 19.22, 13.89, 

13.85 

 



 

 

Chalcone 5: 2,5-bis((E)-4-(dimethylamino)benzylidene)cyclopentan-1-one 

 

4-(dimethylamino)benzaldehyde (3.00 g, 20.0 mmol, M = 149.19 g/mol) and 

cyclopentanone (0.84 g, 10.0 mmol, M = 84.12 g/mol) were dissolved in ethanol (100 

mL) and aq. KOH (40%) (15 mL) was added. The solution was stirred at room 

temperature overnight. During reaction, a yellow precipitate formed. It was filtered off, 

washed several times with ethanol and dried under vacuum. 
1H NMR (400 MHz, CDCl3) δ 7.58 – 7.51 (m, 6H), 6.73 (d, J = 8.9 Hz, 4H), 3.07 (s, 

4H), 3.04 (s, 12H). 
13C NMR (101 MHz, CDCl3) δ 196.20, 150.86, 133.68, 132.69, 124.49, 112.08, 40.30, 

26.80. 



 

 

Chalcone 6: 2,5-bis((E)-2,4-bis(allyloxy)benzylidene)cyclopentan-1-one 

 



2,4-bis(allyloxy)benzaldehyde (4.36 g, 20.0 mmol, M = 218.25 g/mol) and 

cyclopentanone (0.84 g, 10.0 mmol, M = 84.12 g/mol) were dissolved in ethanol (100 

mL) and aq. KOH (40%) (15 mL) was added. The solution was stirred at room 

temperature overnight. During reaction, a yellow precipitate formed. It was filtered off, 

washed several times with ethanol and dried under vacuum. 
1H NMR (400 MHz, CDCl3) δ 7.99 (s, 2H), 7.49 (d, J = 8.6 Hz, 2H), 6.54 (dd, J = 8.6, 

2.3 Hz, 2H), 6.50 (d, J = 2.3 Hz, 2H), 6.15 – 5.99 (m, 4H), 5.43 (ddd, J = 17.3, 7.8, 1.4 

Hz, 4H), 5.35 – 5.26 (m, 4H), 4.63 – 4.53 (m, 8H), 2.99 (s, 4H). 
13C NMR (101 MHz, CDCl3) δ 196.22, 160.94, 159.49, 135.80, 133.00, 132.94, 130.98, 

127.50, 118.88, 118.16, 117.85, 105.99, 100.34, 69.37, 69.06, 27.08. 

 



 

Chalcone 7: 2,5-bis((E)-2-butoxy-4-(diethylamino)benzylidene)cyclopentan-1-one 

 

2-butoxy-4-(diethylamino)benzaldehyde (5.0 g, 20.0 mmol, M = 249.35 g/mol) and 

cyclopentanone (0.84 g, 10.0 mmol, M = 84.12 g/mol) were dissolved in ethanol (100 

mL) and aq. KOH (40%) (15 mL) was added. The solution was stirred at room 

temperature overnight. During reaction, a yellow precipitate formed. It was filtered off, 

washed several times with ethanol and dried under vacuum. 
1H NMR (400 MHz, CDCl3) δ 8.00 (s, 2H), 7.49 (d, J = 8.9 Hz, 2H), 6.29 (dd, J = 8.8, 

2.3 Hz, 2H), 6.16 (d, J = 2.3 Hz, 2H), 4.00 (t, J = 6.4 Hz, 4H), 3.39 (q, J = 7.0 Hz, 8H), 

3.00 (s, 4H), 1.89 – 1.79 (m, 4H), 1.61 – 1.50 (m, 4H), 1.20 (t, J = 7.1 Hz, 12H), 0.99 (t, 

J = 7.4 Hz, 6H). 
13C NMR (101 MHz, CDCl3) δ 196.06, 160.65, 149.96, 133.20, 131.28, 127.43, 113.79, 

103.93, 95.33, 68.25, 44.66, 31.49, 27.36, 19.53, 14.05, 12.87. 



 

 

chalcone 8 

2,5-Bis(anthracen-9-ylmethylene)cyclopentan-1-one 2120 

 



 

------ solid 

C24H26O3 

MW = 362.47 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). Anthracene-9-carbaldehyde (4.12 g, 20 mmol, M = 

206.24 g/mol) and NaOH 1M (10 mL) were then added at 0°C. During stirring, a sticky 

solid formed so that THF (20-30 mL) was added to maintain the stirring of the solution. 

The solution was stirred at room temperature overnight. The yellow precipitate was 

filtrated off, washed with ethanol and dried under vacuum. 

 

1H NMR (CDCl3) δ : 8.59 (s, 2H), 8.48 (s, 2H), 8.13 – 7.98 (m, 8H), 7.57 – 7.45 (m, 

8H), 2.38 – 2.25 (m, 4H) 

13C NMR (CDCl3) δ :  194.26, 144.03, 132.11, 131.27, 130.02, 129.11, 129.00, 127.92, 

126.18, 125.77, 125.42, 67.98, 25.69, 25.62 

 



 

 

 

chalcone 9 

 

2,5-Bis((E)-3-(furan-2-yl)allylidene)cyclopentan-1-one 2127 

 

 

------ solid 

C24H26O3 

MW = 362.47 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). Trans-3-(2-furyl)acrolein (2.44 g, 20 mmol, M = 

122.12 g/mol) and NaOH 1M (10 mL) were then added at 0°C. During stirring, a 

sticky solid formed so that THF (20-30 mL) was added to maintain the stirring of the 

solution. The solution was stirred at room temperature overnight. The yellow 

precipitate was filtrated off, washed with ethanol and dried under vacuum. 

 

1H NMR (CDCl3) δ : 7.45 (d, J = 1.4 Hz, 2H), 7.17 (d, J = 11.7 Hz, 2H), 6.85 (dd, J = 

15.3, 11.7 Hz, 2H), 6.72 (d, J = 15.3 Hz, 2H), 6.50 – 6.41 (m, 4H), 

2.88 (s, 4H) 

13C NMR (CDCl3) δ : 194.66, 152.86, 143.70, 140.15, 132.19, 127.39, 123.28, 112.32, 

111.98, 23.92 



 

 

chalcone 10 

 

2,5-Bis((E)-2,4,5-trimethoxybenzylidene)cyclopentan-1-one 2131 

 



 

------ solid 

C24H26O3 

MW = 362.47 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) was dissolved in a mixture of 

ethanol (20 mL) and water (10 mL). 2,4,5-Trimethoxybenzaldehyde (3.92 g, 20 mmol, 

M = 196.20 g/mol) and NaOH 1M (10 mL) were then added at 0°C. During stirring, a 

sticky solid formed so that THF (20-30 mL) was added to maintain the stirring of the 

solution. The solution was stirred at room temperature overnight. The yellow 

precipitate was filtrated off, washed with ethanol and dried under vacuum. 

 

1H NMR (CDCl3) δ : 7.96 (s, 2H), 7.11 (d, J = 14.8 Hz, 2H), 6.53 (s, 2H), 3.99 – 3.91 

(m, 6H), 3.87 (d, J = 7.1 Hz, 12H), 3.06 (s, 4H) 

13C NMR (CDCl3) δ : 195.87, 154.90, 151.37, 142.73, 135.18, 127.57, 116.94, 113.10, 

96.89, 56.60, 56.48, 56.02, 26.81 

 

 



 

chalcone 11 

 

2,5-Bis((9-benzyl-9H-carbazol-3-yl)methylene)cyclopentan-1-one 2139 

 

 

------ solid 

C24H26O3 

MW = 362.47 g.mol-1 

 

Cyclopentanone (0.84 g, 10 mmol, M = 84.12 g/mol) and 

9-benzyl-9H-carbazole-3-carbaldehyde (5.71 g, 20 mmol, M = 285.35 g/mol) was 

dissolved in ethanol (50 mL) and KOH (40%) was added. THF was added until 

complete dissolution of carbazole was obtained. The solution was stirred at room 

temperature for 48h. During that time, a precipitate formed. It was filtered off, washed 

with water, ether and dried under vacuum.  

 

1H NMR (CDCl3) δ : 8.39 (s, 2H), 8.18 (d, J = 7.6 Hz, 2H), 7.85 (s, 2H), 7.72 (dd, J = 8.6, 

1.4 Hz, 2H), 7.49 – 7.44 (m, 2H), 7.39 (dd, J = 13.8, 5.9 Hz, 4H), 7.30 

(ddd, J = 8.6, 7.7, 2.1 Hz, 8H), 7.17 – 7.12 (m, 4H), 5.53 (s, 4H), 3.26 

(s, 4H) 



13C NMR (CDCl3) δ : trop insoluble 

 

 

 

Chalcone 12: 2,5-bis((E)-4-(diphenylamino)benzylidene)cyclopentan-1-one 

 

 

4-(diphenylamino)benzaldehyde (5.46 g, 20.0 mmol, M = 273.34 g/mol) and 

cyclopentanone (0.84 g, 10.0 mmol, M = 84.12 g/mol) were dissolved in ethanol (100 

mL) and aq. KOH (40%) (15 mL) was added. The solution was stirred at room 

temperature overnight. During reaction, a yellow precipitate formed. It was filtered off, 

washed several times with ethanol and dried under vacuum. 
1H NMR (300 MHz, CDCl3) δ 7.53 (s, 2H), 7.46 (d, J = 8.8 Hz, 4H), 7.33 – 7.27 (m, 

8H), 7.17 – 7.12 (m, 10H), 7.08 – 7.02 (m, 6H), 3.06 (s, 4H). 
13C NMR (101 MHz, CDCl3) δ 196.17, 148.99, 147.02, 135.46, 133.26, 132.12, 129.85, 

129.60, 129.30, 126.43, 125.54, 125.48, 124.13, 121.69, 26.71. 



 

 


