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Abstract 

 Photopolymerization is a rapidly evolving research field, supported by the growing 

demand for greener polymerization processes and the development of 3D printers used now 

for daily applications. With aim at developing dyes adapted for LEDs used in 3D printers, 

benzylidene cyclopentanones have been regarded as interesting structures due to their facile 

synthesis, low cost, high thermal and photochemical stability. Especially, benzylidene 

cyclopentanones proved to be better candidates than their benzylidene ketones analogue due 

to the rigidity provided by the central five-membered ring. As a result of this rigidification, 

higher monomer conversions could be obtained. Noticeably, benzylidene cyclopentanones 

could initiate one and two-photon polymerizations processes, what is relatively unusual for 

dyes to exhibit this dual photoinitiating ability. In this review, recent advances concerning 

benzylidene cyclopentanones are detailed. Compared to their acyclic analogues, a severe 

improvement of the photoinitiating ability has been demonstrated for benzylidene 

cyclopentanones, so that comparisons between these two families of photoinitiators is 

provided. 
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 1. Introduction 

 During the past decades, a great deal of efforts has been devoted to develop greener 

and more sustainable polymerization processes.[1–4] With aim at reducing the environmental 

impact of polymerization processes through eco-responsible approaches, 

photopolymerization activated under low light intensity with light-emitting diodes (LEDs) or 

even with sunlight constitutes a promising alternative to the traditional thermal 

polymerization.[5–12] Compared to the traditional thermal polymerization which is carried 

out in solution and upon heating of the reaction medium, photopolymerization exhibits 

several advantages. Notably, photopolymerization can be carried out without solvents, 

avoiding the release of volatile organic compounds (VOC).[13] Photopolymerization processes 
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can also be extremely fast, enabling to end the polymerization within a few seconds. A 

temporal and spatial control can also be obtained, meaning that only the surface which is 

exposed to light will polymerize and during the time the light is switched on. If historically, 

photopolymerization was done upon irradiation in the UV range, nowadays, this approach is 

more and more discarded in favor of visible light photopolymerization. Indeed, UV light is 

facing numerous safety concerns and is notably responsible of skin cancers and eye 

damages.[13–16] Ozone is also produced during polymerization, what constitutes another 

drawback of the UV approach.[13–16] To end, the light penetration which can be achieved in 

the UV range remains limited, not exceeding 600 µm at 350 nm, whereas this latter can reach 

5 cm at 800 nm (See Figure 1).[17] Therefore, photopolymerization is nowadays facing a 

revolution, with the possibility to polymerize thick and even filled samples.[18] 

 

 
Figure 1. Light penetration in a polystyrene latex with an average diameter of 112 nm. 

Reprinted with permission from Bonardi et al.[17] 

 

Interest for photopolymerization is also supported by the different applications where 

photopolymerization is nowadays unavoidable.[2,18–35] Notably, photopolymerization is 

widely used in applications such as 3D and 4D printing, microelectronics, adhesives, coatings 

and dentistry.[36–45] Besides, if use of visible light for photopolymerization constitutes an 

appealing approach, the fact to use less energetic photons adversely affect the monomer 

conversion that can be achieved by visible light photoinitiators compared to their UV 

analogues. This is the reason why since approximately 15 years, a great deal of efforts has been 

devoted to examine a maximum of families of dyes in order to address the reactivity issue. 

Among these families of dyes, dithienophospholes,[46,47] zinc complexes,[48] 

diketopyrrolopyrroles,[49–51] iridium complexes,[52–59] metal organic framework 

(MOFs),[60–62] helicenes,[63,64] benzylidene ketones,[65,66] phenothiazines,[67–77] 

camphorquinones,[78,79] curcumin,[80–83] push-pull dyes,[6,7,84–96] coumarins,[97–109] 



perylenes,[110–113] 2,3-diphenylquinoxaline derivatives,[114,115] viologen derivatives,[116–

118] copper complexes,[119–136] thiophene derivatives,[137] acridine-1,8-diones,[138–140] 

chromones and flavones,[141–143] polyoxometalates,[144–146] perovskites,[147,148] 

pyrenes,[149–157] truxene derivatives[158] conjugated polymers,[159] iodonium salts,[160–

167] chalcones,[44,168–180] cyanines,[181–187] Schiff bases,[188] thioxanthones,[189–202] iron 

complexes,[61,84,203–208] Bodipy,[209–214] cyclohexanones,[215–218] benzylidene 

ketones,[65,66,219–222] carbazoles,[223–236] benzophenones,[237–244] pyrrole 

derivatives,[245] anthracene,[246] acridones,[247,248] N-heterocyclic carbene boranes,[249] 

phenazines,[250] naphthoquinones,[251] silyl glyoximides,[252] imidazole derivatives,[253] 

pyridinium salts,[254]  dihydroanthraquinones,[255] porphyrins,[256,257] 

triphenylamines,[258,259] naphthalimides [160,260–277] and squaraines [278–282] can be cited 

as the main families examined for their photochemical reactivities. 

Among dyes that were developed for photopolymerization, only few structures can be 

indifferently used to initiate one photon or two photon polymerization processes. In this field, 

benzylidene cyclopentanones can be cited as a relevant example of this. These structures are 

not only used in photopolymerization but also for photodynamic therapy,[220,221,283–285] 

and for their photophysical properties.[286,287] Interest of these structures relies in their easy 

synthetic access since these dyes can be prepared in one step by mean of a crossed aldol 

condensation reaction between an aldehyde and cyclopentanone in basic conditions, in 

solution or in solvent-free conditions.[288,289] First reports mentioning the use of benzylidene 

cyclopentanones as photoinitiators for UV photopolymerization were published as soon as 

1991, concomitantly by Monroe and coworkers as dyes for the sensitization of o-

chlorohexaarylbisimidazoles (HABI) [290] and by Yang and coworkers for the sensitization of 

diphenyliodonium hexafluorophosphate.[291] In this last work, a high intensity xenon lamp 

(I = 400 W) was used to initiate the free radical polymerization (FRP) of methyl methacrylate 

(MMA). In this early work, the strong inhibition effect of oxygen on the FRP of MMA was 

clearly demonstrated.[292] Since then, numerous structures have been developed. Especially, 

symmetrically and asymmetrically benzylidene ketones have been proposed in order to 

optimize their two-photon absorption properties or their solubilities in monomers. In this 

review, an overview of the recent advances on visible light benzylidene cyclopentanones is 

provided. To evidence the interest of these symmetrical or asymmetrical structures, 

comparisons with benchmark photoinitiators is provided. 

 

2. Symmetrically substituted benzylidene cyclopentanones 

 Two-photon polymerization is a polymerization technique making use of dyes capable 

to initiate two photon absorption (TPA) processes, meaning that the molecule can absorb 

simultaneously two photons in the same quantum event.[293–297] Since the pioneering works 

of Maruo in 1997 who succeeded to design a 3D structure by two-photon polymerization, this 

polymerization technique has become the focus of intense research efforts and numerous 



major achievements have been obtained.[298–303] Besides, there are still remarkable 

challenges and issues to address.[77,304–308] As specificities, due to the quadratic dependency 

of TPA, the two-photon absorption process is limited to a small volume in close vicinity to the 

laser point. As a result of this, two-photon polymerization is limited to the microfabrication of 

three-dimensional objects of micrometer sizes but enables to produce these objects with an 

exceptional spatial resolution that cannot be obtained by one-photon polymerization.[309] In 

2012, a series of photoacid generators of high-sensitivity for two-photon polymerization were 

proposed by Wu and coworkers.[310] It consisted in the sensitization of a photoacid generator 

by mean of a two-photon chromophore (See Figure 2). This approach is less complicated than 

the covalent linkage of the two partners, as exemplified by several examples reported in the 

literature.[311–313] In the case of 2,5-bis(4-(diphenylamino)benzylidene)cyclopentan-1-one 

(BDPA) and 1,5-bis(4-(diphenylamino)phenyl)penta-1,4-dien-3-one (BDPO), triphenylamines 

were introduced as peripheral groups as the pKa of the protonated form of triphenylamino 

groups is equal to - 5. As photoacid generator, the none-ionic N-

(trifluoromethanesulfonyloxy)-1,8-naphthalimide (NIOTf) was selected to build the two-

photon acid generation systems. To evidence the interest of introducing cyclopentanone as the 

central group in BDPA, a comparison was established with DBPO prepared with acetone. 

Finally, 4-diethylamino groups were introduced as peripheral groups of 2,5-bis(4-

(diethylamino)benzylidene)cyclopentan-1-one (BDEA) in order this time to investigate the 

benefits of the peripheral groups in BDPO. 

 

Figure 2. Chemical structures of BDPO, BDPA, BDEA and NIOTf. 

 Noticeably, examination of their absorption properties revealed the cylopentanone 

linkage to induce a redshift of the absorption of BDPA (λmax = 459 nm) compared to the flexible 

linkage used in BDPO (λmax = 433 nm) by enabling to get a higher electronic delocalization. A 

strong absorption band was found in the visible range for the two dyes, in the 350-500 nm 

range assigned to an intramolecular charge transfer (ICT) band between the electron-donating 



peripheral groups (triphenylamines, diethylaminophenyl groups) and the central electron-

withdrawing ketone (See Figure 3). 

 

 

Figure 3. UV-visible absorption spectra of BDPA and BDPO in acetonitrile. Reproduced with 

permission of Ref. [310] 

 Despite different absorption maxima, similar emission maxima were determined for 

BDPA and BDPO, located at 600 nm. Photoluminescence quantum yields of 0.05 and 0.027 

were respectively determined for BDPA and BDPO, once again demonstrating that the higher 

flexibility in BDPO was favoring nonradiative deactivation pathways, contributing to decrease 

the photoluminescence quantum yield. Examination of their two-photon absorption 

properties in acetonitrile revealed BDPA and BDPO to exhibit maxima located at 820 and 760 

nm, therefore blue-shifted compared to the double wavelengths of their absorption peaks. It 

was thus concluded that BDPA and BDPO could reach excited states of different parity 

compared to that achieved by one-photon absorption.[314] A higher two-photon absorption 

cross-section was found for BDPA compared to BDEA also comprising a cylcopentanone 

spacer, assigned to an extended π-conjugation due to the presence of triphenylamino groups 

(See Figure 4).[315] Comparison between BDPA and BDPO both comprising peripheral 

triphenylamino groups revealed the two-photon cross-section of BDPO to be lower than that 

of BDPA, once again originating from a higher structural flexibility in BDPO.       

 



 

Figure 4. Two-photon excitation spectra for BDPA, BDPO, and BDEA in acetonitrile. 

Reproduced with permission of Ref. [310] 

 From the Rehm−Weller equation, a favorable thermodynamic interaction between the 

excited dyes and NIOTf could be determined, free energy changes of - 12.2 and - 13.4 kcal/mol 

between respectively determined for the two-component BDPA/NIOTf and BDPO/NIOTf 

systems.[316,317] This favorable interaction was confirmed by fluorescence quenching 

experiments, fluorescence quenching constants (kq) of 1.30 and 1.38 × 1010 L.M-1.s-1 being 

respectively determined for BDPA and BDPO, and demonstrating that the interaction was 

diffusion controlled in acetonitrile.[318] Photoacid generation with the different two-

component dye/NIOTf systems upon excitation at 473 nm was demonstrated by adding 

Rhodamine B base to the acetonitrile solutions, resulting in the appearance of a characteristic 

absorption band at 555 nm. Meanwhile, a photobleaching of the dyes was jointly observed, 

resulting from the photoinduced electron transfer from the dyes towards NIOTf. Overall, the 

following mechanism of photoacid generation was proposed. Thus, upon excitation of the 

dyes, a photoinduced electron transfer can occur between the excited dyes and NIOTf. The 

resulting radical anion can then react with water traces, producing trifluoromethanesulfonic 

acid (See Scheme 1).[319,320] First investigations revealed the singlet and the triplet excited 

states of dyes to be both involved in the reaction with NIOTf. To evidence this, addition of 

anthracene in acetonitrile solution drastically impacted photoacid generation, anthracene 

being a well-known triplet quencher.[318,320] 



 

Scheme 1. Mechanism of photoacid generation. 

Photoacid generation of these different systems were evaluated by investigating the 

acid-catalyzed deprotection of a partially tert-BOC-protected poly(p-hydroxystyrene) 

(PBOCS). Efficiency of the deprotection was compared with that performed with the two-

component ITX/NIOTf where ITX stands for 2-isopropylthioxanthone. Upon irradiation with 

a near-IR femtosecond laser, the two-component ITX/NIOTf showed deprotection ability 

comparable to that obtained with NIOTf alone. Noticeably, if the two-component BDEA/ 

NIOTf system was almost inefficient to induce the deprotection of PBOCS, conversely, a 

remarkable deprotection ability was demonstrated with the BDPO and BDPA-based system, 

the highest deprotection rates being obtained for the rigid BDPA which exhibit the highest 

fluorescence quantum yield and the largest two photon absorption cross-section of the series. 

Finally, interest of these structures was demonstrated by performing two-photon 

lithography. By photoacid generation, the deprotective reaction converted the tert-BOC-

protected poly(p-hydroxystyrene) polymer as hydroxyl-containing polymer, rendering the 

exposed material soluble in basic aqueous solution and thus to basic developer. As shown in 

the Figure 5, well-defined structures could be obtained upon irradiation with a laser power of 

0.5 mW and a scan speed of 110 μm/s. Compared to the reference ITX/NIOTf system, the newly 

developed photoacid generator systems required a laser power (0.24 mW) twice lower than 

that required with the reference system utilizing ITX as the sensitizer.[311] 

 

Figure 5. 3D patterns obtained with the two-component BDPO/NIOTf system at a laser 

power of 0.24 mW and a scan speed of 10 μm/s. Reproduced with permission of Ref. [310] 

 The same year, another group investigated the incorporation of benzylidene 

cyclopentanones into epoxy polymers so that the benzylidene cyclopentanones could act first 



as a co-monomer with epichlorohydrin (See Figure 6) and in a second time, it could act as a 

photosensitizer to initiate photocrosslinking of polymer chains by mean of 2π+2π 

cycloaddition reactions (See Scheme 2).[321] In this aim, 2,5-bis(4-hydroxy-3-methoxy-

benzylidene)cyclopentanone  (BHMBCP) was selected as the photosensitive monomer capable 

to react by polycondensation with epichlorohydrin in basic conditions. Epoxy-based polymers 

are extensively studied as the volume shrinkage is considerably reduced compared to that 

observed with poly(acrylates).[322–326] 

 

Figure 6. Chemical structures of BHMBCP, BHMBCH and epichlorohydrin. 

 

 

Scheme 2. Synthetic route to BHMBCP-based polymers. 

Epoxy-based polymers comprising BHMBCP as the photosensitive unit proved to be 

soluble in most of the common organic solvents such as THF, DMF, DMSO, dioxane and 

halogenated solvents. Comparison with epoxy-based polymers comprising BHMBCH 

revealed these polymers to be more soluble than those prepared with BHMBCP, attributable 

to the tridimensionality of cyclohexanone adversely impeding the packing of the polymer 

chains.[327] Noticeably, analyses of the thermal properties of epoxy polymers revealed the 

thermal stability to be improved for BHMBCP-based polymer compared to its BHMBCH 

analogue. Thus, depending on the percentage of benzylidene cyclopentanone introduced, 

decomposition temperatures ranging between 459 and 487°C were determined by 

thermogravimetric analysis (TGA) for BHMBCH-based polymers, lower than that determined 

for BHMBCP-based polymers (520-854°C). Increase of the decomposition temperature for 

BHMBCP-based polymers was assigned to a higher heat combustion of cyclopentanone 



compared to cyclohexanone,[328]but also to the higher planarity of cyclopentanone favoring 

interchain interactions. Interestingly, the highest decomposition temperatures were 

determined for all polymers comprising the highest ratio of epichlorohydrin (1:200 

benzylidene cyclopentanone:epichlorohydrin). By Differential Scanning Calorimetry (DSC) 

measurements, crosslinking temperatures in the 325-335°C range for BHMBCH-based 

polymers and in the 399-408°C range for the BHMBCP-based polymers were determined, 

consistent with the values determined by TGA measurements. Photocrosslinking of the 

polymer chains could also be obtained upon irradiation with a medium pressure mercury 

vapor lamp. By UV-visible absorption spectroscopy, decrease of the absorption peak at 379 

nm corresponding to π-π* transitions of the olefinic double bonds was observed, resulting 

from the photoinduced 2π+2π cycloaddition reaction. As anticipated, a higher 

photocrosslinking ability was found for all cyclopentanone-based polymers compared to their 

cyclohexanone-based analogues, consistent with stronger interactions of the polymer chains 

in the case of cyclopentanone favoring crosslinking. 

In 2013, Liska and coworkers demonstrated the crucial role of the size of the central 

ring on the photoinitiating ability of a series of benzylidene ketones.[305] Indeed, size of the 

ring can affect photophysical properties such as fluorescence. Thus, benzylidene 

cyclohexanones are well-known to be less emissive than those based on cyclopentanones.[329] 

This point is of crucial importance considering that, in order to design two-photon 

photoinitiators and with aim at favoring the triplet deexcitation pathway, dyes exhibiting a 

low photoluminescence quantum yield are preferred.[330] To examine this point, a series of 

five compounds BZC1-BZC5 was designed and synthesized. Photoinitiating ability of dyes 

were compared to that of a reference compound, namely 4,4'-(2,5-dimethoxy-1,4-

phenylene)bis(ethene-2,1-diyl))bis(N,N-dibutylaniline) R1 (See Figure 7).[331] From a synthetic 

viewpoint, the different dyes BZC1-BZC5 are cheap, considering that the crossed aldol 

condensation reaction could be carried out using cheap reagents (cyclopentanone, 

cyclohexanone, 4-dimethylaminobenzaldehyde) and sodium hydroxide as the base. 

Investigation of the absorption properties in dichloromethane revealed their absorption 

maxima to range from 430 nm for BZC4 and BZC5 up to 480 nm for BZC3 (See Figure 8). Thus, 

based on their absorptions, a redshift of the absorption maxima was found for dyes comprising 

as the central core, cyclohexyl (BZC4, BZC5) > acyclic (BZC1) > cyclopentyl (BZC2, BZC3) 

moieties. This trend is consistent with previous works reported in the literature.[332] An 

additional bathochromic shift could be obtained by replacing the dimethylamino group of 

BZC2 by a dibutylamino group in BZC3 (466 nm for BZC2 and 481 nm for BZC3). Noticeably, 

no difference on the absorption spectra of BZC4 and BZC5 was found, the methyl group in 

BZC5 being in a none-conjugated position with the rest of the molecule. By theoretical 

calculations, composition of the absorption band detected at low energy was determined as 

being an admixture of n-π* and π-π* transitions. 



 

Figure 7. Chemical structures of BZC1-BZC5 and reference compound R1. 

 

Figure 8. UV-visible absorption spectra of BZC1-BZC5 in dichloromethane. Reproduced with 

permission of Ref. [305] 

 Fluorescence properties of all dyes proved these structures to be highly sensitive to  the 

solvent polarity, contrarily to what was observed for the reference compound R1.[306] Thus, 

BZC1

BZC2

BZC3

BZC5

BZC4



upon increase of the solvent polarity, an enhancement of the photoluminescence quantum 

yield was observed, resulting from a decrease of the S0-S1 energy gap. In fact, the S1 state of 

benzylidene ketones is a ππ* state close to the triplet state (nπ* state) so that an intersystem 

crossing can facilely occur according to the El-Sayed rules, constituting an efficient 

nonradiative deactivation channel.[333–335] By increasing the solvent polarity, a 

bathochromic shift of the singlet state occurs whereas an hypsochromic shift occurs for the nπ* 

triplet state. As a result, an increase of the energy gap between the two states can be obtained, 

reducing the contribution of the intersystem crossing to the nonradiative deactivation 

pathways and contributing to increase the photoluminescence quantum yield. Considering 

that the polymerization efficiency of benzylidene ketones is strongly related to the efficiency 

of radical generation, their reactivities towards monomers but also to the two-photon 

absorption cross section, this latter was thus determined for all dyes, using chloroform as the 

solvent and upon excitation at 800 nm. If a two-photon absorption cross section of 349 GM was 

determined for BZC1, this value increased up to 466 GM of BZC2 comprising a cyclopentanone 

spacer. An opposite trend was found for BZC2 in which the peripheral dimethylamino group 

have been replaced by dibutylamino group and the two-photon cross section decreased to 327 

GM. This unexpected result was assigned to the deformation of the central cyclopentanone 

ring induced by the bulky dibutylamino groups. By increasing the size of the central ring, a 

severe reduction of the two-photon cross section was found for BZC4 and BZC5, assigned to 

the nonplanarity of the six-membered ring. An additional reduction of the two-photon 

absorption cross section was found for BZC5 (191 GM vs. 352 GM for BZC4), demonstrating 

that the substitution of the central ring could significantly affect the two-photon absorption 

behavior. 

Recently, in 2019, a crosslinkable version of BZC2 i.e. (2-oxocyclopentane-1,3-

diylidene)bis(methanylylidene))bis(4,1-phenylene))bis(methylazanediyl))bis(methylene) 

diacrylate (PBDA) containing acryloyl groups was reported in the literature for one-photon 

and two-photon polymerization processes and developed for the design of biosafety materials 

(See Figure 9).[336] Indeed, migratability of photoinitiators within the polymer network can 

constitute a drastic limitation for the end-use of polymers, notably for applications such as 

food packaging or dentistry. This is the reason why a great deal of efforts is currently devoted 

to develop crosslinkable photoinitiators.[158,194,196,197,337–349] Parallel to this, benzylidene 

ketones have a wide spectrum of biological activities.[350–353] In the present case, due to the 

presence of acryloyl groups, PBDA could be efficiently crosslinked to the polymer networks, 

decreasing its migration ability. When one-photon polymerization experiments were carried 

out upon irradiation at 473 nm with a laser diode, polymerization of ethoxylated 

trimethylolpropane triacrylate (ETPTA) or poly(ethylene glycol)diacrylate (PEGDA) could be 

induced, even if the polymerization processes remained slow. Indeed, polymerization times 

of 16 min. were necessary to get acceptable monomer conversions. Thus, monomer 

conversions around 40% could be determined for the two monomers while using BDEA as the 

photoinitiator. Conversely, higher monomer conversions could be obtained with PBDA since 



conversions ranging between 50 and 80% could be determined after 16 min. of irradiation. For 

comparison, monomer conversions obtained with eosin were drastically low in the same 

conditions, remaining lower than 10%. Noticeably, higher monomer conversions were 

obtained with PEGDA than with ETPTA, indicating that the polymerization rates and final 

monomer conversions were strongly related to the type of monomer used. Indeed, ETPTA 

being a trifunctional monomer, formation of a highly crosslinked polymer network occurs 

more rapidly than with the difunctional monomer PEDGA, rapidly inhibiting the diffusion 

rate of free radicals and lowering the final monomer conversion. 

 

Figure 9. Chemical structures of BDEA and its crosslinkable version PBDA, EPTPA 

and PEGDA as monomers, and eosin used as a reference compound. 

PBDA could also initiate the two-photon photopolymerization of the high-viscosity 

monomer EPTPA and decreased its migration ability within the polymer network. Noticeably, 

introduction of the two acrylate groups did not drastically modify the solubility of PBDA in 

EPTPA. Thus, use of 20 wt% DMSO as the solvent and 0.1 wt% of dye enabled to produce 

resins in which the dyes was perfectly dissolved. Biocompatibility of the PEGDA-based 

polymeric samples was examined by investigating the L929 cell viability after 48 h cultivation 

on polymeric substrates. Compared to the control group cultivated in polystyrene, a cell 

viability of 85% for the samples polymerized with BDEA and 100% for those prepared with 

PBDA could be determined.  

In 2022, a new version of crosslinkable photoinitiator i.e. (2-oxocyclopentane-1,3-

diylidene)bis(methanylylidene))bis(4,1-phenylene))bis(azanetriyl))tetrakis(ethane-2,1-diyl) 

tetraacrylate  (4Met-BAC) enabling to improve its crosslinking ability compared to PBDA due 

to a higher number of crosslinkable functions was proposed by Chesnokov and coworkers 

(See Figure 10).[354] Parallel to this and based on previous works done by Liefeith and 

coworkers [355] mentioning the high solubility of the tetraester benzylidene ketone ((((2-

oxocyclopentane-1,3-diylidene)bis(methanylylidene))bis(4,1-phenylene))bis(azanetriyl)) 



tetrakis(ethane-2,1-diyl) tetraacetate BA740 (in high viscosity monomers such as 

urethanedimethacrylate (UDMA) or biodegradable lactide-caprolactonemethacrylate (LCM) 

macromonomers. An improved solubility of 4Met-BAC in high viscosity monomers can thus 

be anticipated compared to that of PBDA. Therefore, by developing 4Met-BAC, a combination 

of two different and complementary approaches can be obtained, namely a good solubility of 

4Met-BAC in the high-viscosity monomer pentaerythritol triacrylate (PETA) and a low 

migration ability in polymers. Noticeably, examination of the solvatochromism of 4Met-BAC 

in solvents of different polarities revealed this dye to exhibit a positive solvatochromism, with 

a variation of the position of the intramolecular charge transfer (ICT) band from 32 nm 

between toluene and DMSO. This redshift was assigned to a higher polarity of the excited state 

compared to the ground state. It also evidences the intramolecular change transfer existing 

between the electron-donating amino groups to the electrodeficient carbonyl group.[336]  

Noticeably, photoluminescence quantum yield of 4Met-BAC was low, around 0.09 and an 

excited state lifetime of 12.9 ns could be determined. A two-photon absorption cross section of 

147 GM was measured by Z-scan experiments at 800 nm, consistent with the values 

determined for previous benzylidene ketones.[356] 

 

Figure 10. Chemical structures of 4Met-BAC, BZC2, BA740 and different monomers 

used for this study. 

Photolysis experiments revealed 2,5-bis(4-(dimethylamino)benzylidene)cyclopentan-

1-one (BZC2) and 4Met-BAC to exhibit slow photolysis rates (See Figure 11). Noticeably, 

photolysis of BZC2 was faster than that of 4Met-BAC. Photodegradation of the two dyes was 

determined as occurring in two steps. First, an intra- or an intermolecular electron transfer can 

occur with the formation of radical cation and radical anion pairs. Then, by proton transfer, 

ketyl radicals and aminyl radicals can form, constituting initiating radicals. 



Photopolymerization experiments carried out at 380 nm (I = 210 mW/cm²) revealed BZC2 and 

4Met-BAC to be capable to initiate a polymerization process, even when used as 

monocomponent systems. Thus, final monomer conversions of 10 and 21% could be 

determined during the polymerization of PETA after 300 s of irradiation for BZC2 and 4Met-

BAC respectively. Higher monomer conversions obtained with 4Met-BAC compared to BZC2 

was assigned to the higher solubility of 4Met-BAC in resins, improving the monomer 

conversion. Upon addition of dimethylaniline (DMA) or triethanolamine (TEA), an 

improvement of the monomer conversions could be evidenced, the conversions reaching at 35 

and 33% respectively. However, these conversions remain low compared to that obtained for 

other photoinitiating systems previously reported in the literature.[45,357,358] Examination of 

the migration properties of photoinitiators in DMSO revealed the extractability of BZC2 to be 

8 times higher than that of 4Met-BAC, consistent with its inability to crosslink to the polymer 

network. In the case of 4Met-BAC, an extractability of 13% from the polymer sample could be 

determined after a soaking time of 20 days in DMSO. By using a 4Met-BAC/AIBN 

combination, extractability of 4Met-BAC could even be totally suppressed, evidencing that the 

crosslinkable photoinitiator could be efficiently incorporated into the structure of the final 

polymer. 

 

Figure 11. Photolysis of BZC2 and 4Met-BAC upon irradiation at 380 nm with a LED. 

Reproduced with permission of Ref. [354] 

MTT cytotoxicity tests were carried out to examine the cytotoxicity of BZC2 and 4Met-

BAC in polymers. In this aim, extraction times of the different samples were varied. 

Cytotoxicity tests revealed the BZC2/AIBN polymers to exhibit a pronounced cytotoxicity rank 

(CR) of 3 after one day of extraction whereas a CR of 1 was determined for the 4Met-

BAC/AIBN samples. After seven days of extraction, no cytotoxicity was detected anymore for 

the 4Met-BAC/AIBN samples whereas the BZC2/AIBN polymers still remained toxic. Culture 

of fibroblasts on 4Met-BAC/AIBN-based samples revealed a good adhesion of the cells, with 

cells exhibiting typical fusiform or stellate shapes and a uniform distribution over the whole 

surface of the samples. Investigation of two-photon polymerization showed BZC2 to exhibit a 

smaller fabrication window than 4Met-BAC (17-30 mW vs. 6-50 mW for 4Met-BAC). Here 

BZC2



again, a significant decrease of the dye washout from the polymers could be evidenced for 

4MET-based polymers. 

 In 2015, Gryko and coworkers carried out a similar study, where a library of π-

extended D-π-A-π-D benzylidene ketones was designed and synthesized with aim at 

examining the influence of the size of the central ketone ring on the photoinitiating ability.[359] 

Six four-, five- and six-membered ring compounds BZC6-BZC11 were prepared, enabling to 

design compounds exhibiting major differences in terms of rigidity (See Figure 12). Noticeably, 

despites their highly planar and π-conjugated structures, all dyes proved to be remarkably 

soluble in most of the common organic solvents. As evidenced by previous works, all dyes 

absorb light in the 400–550 nm range, once again evidencing the limited impacted of the central 

ring on the optical properties. Indeed, due to its aliphatic nature, the central core can only 

marginally impact the electronic delocalization occurring with the peripheral groups. 

Precisely, if absorption maxima of 2,4-bis(4-(dimethylamino)benzylidene)cyclobutan-1-one 

BZC6 and 2,4-bis(4-(didodecylamino)benzylidene)cyclobutan-1-one BZC7 were both located 

at 476 and 477 nm respectively in toluene, these values blue-shifted to 467, 466 and 440 nm for 

2,4-bis(4-(4-(didodecylamino)styryl)benzylidene)cyclobutan-1-one (BZC8), 2,5-bis(4-(4-

(didodecyl-amino)styryl)benzylidene)cyclopentan-1-one (BZC9) and 2,6-bis(4-(4-

(didodecylamino) styryl)benzylidene)-4-methylcyclohexan-1-one (BZC10) in which an 

increase of the size of the middle ring was observed. Blue-shift of the absorption maxima upon 

increase of the middle size ring is consistent with previous results reported in the 

literature.[332] Indeed, increase of the carbon number in the central ring results in major 

changes in geometry, strongly affecting the conjugation and thus the position of the absorption 

maxima. Replacement of the double bond in BZC10 by a triple bond in 2,5-bis(4-((4-

(dihexylamino)phenyl)ethynyl) benzylidene)cyclopentan-1-one (BZC11) only slightly 

modified the position of the absorption maximum (444 nm for BZC10 vs. 440 nm for BZC11), 

but nevertheless blue-shifted the absorption maximum by ca. 4 nm (See Figure 13). Blueshift 

of the absorption maximum for BZC11 compared to BZC10 was assigned to a triple bond less 

polarizable than a double bond.[360] This point was confirmed during the solvatochromic 

studies, which evidenced a positive solvatochromism for all dyes. Fluorescence experiments 

also demonstrated a severe reduction of the photoluminescence quantum yield upon increase 

of the middle ring size, resulting from a greater movement flexibility and favoring 

nonradiative relaxation pathways of the excited states. Jointly, a decrease of the fluorescence 

lifetimes upon increase of the middle ring size was evidenced, indicating faster nonradiative 

decays of the excited states upon increase of the flexibility. Thus, in toluene, fluorescence decay 

measurements revealed the excited state lifetime of BZC8 to be of 1.93 ns, decreasing to 0.68 

ns for the more flexible compound BZC10. 



 

Figure 12. Chemical structures of benzylidene ketones BZC6-BZC11 investigated by Gryko 

and coworkers. 

 
Figure 13. UV-visible absorption spectra of compounds BZC6-BZC11 in toluene. Reproduced 

with permission of Ref.[359] 

Two-photon absorption cross sections determined by Z-scan measurements at 800 nm 

confirmed the trend determined by other authors. Thus, upon elongation of the π-conjugated 

system, an enhancement of the two-photon absorption cross section was determined. Among 

the most interesting findings, increase of the middle ring size increased the two-photon 

absorption cross section from 50 GM for the four-membered ring BZC8 to 130 and 200 GM for 

compounds BZC9 and BZC10. By replacing the double bond in BZC9 by a triple bond in 

BZC11, a threefold increase of the two-photon absorption cross section could be determined, 

increasing from 130 GM for BZC9 up to 370 GM for BZC11. Interestingly, elongation of the 

alkyl chain length also contributed to enhance the two-photon absorption cross section. Thus, 

if a value of 70 GM was determined for BZC9, this value increased by a factor 2 for BZC10 (140 
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GM). Noticeably, the two-photon absorption spectra of the different dyes exhibited two bands, 

ascribed to the S0–S1 and S0–S2 transitions.[361–363] In order to use the different dyes as two-

photon initiators, the fabrication window corresponding to the power difference between the 

polymerization threshold and the burning threshold was determined. As shown in the Figure 

14, the broadest fabrication windows were determined for compounds BZC9 and BZC11, 

bearing a central five-membered ring. Elongation of the π-conjugation decrease the 

polymerization threshold from 15 mW for compound BZC6 to 5 mW for BZC9-BZC11. Among 

dyes displaying an elongated structure, BZC10 exhibited the lowest burning threshold, what 

was assigned to its low yield of photofragmentation into radicals.  

 

 

Figure 14. Fabrication window (FW) determined for the different dyes BZC6-BZC11 and the 

reference compound R (4,4’-bis(diethylamino)benzophenone). Reproduced with permission 

of Ref.[359] 

 Finally, ability of BZC6-BZC11 to behave as two-photon initiators was demonstrated 

by elaborating 2D and 3D pattern with BZC11 exhibiting the highest two-photon absorption 

cross section. As shown in the Figure 15, 2D and 3D patterns with an excellent spatial 

resolution could be obtained, excepted at the polymerization threshold for which distorted 

structures due to incomplete polymerizations were obtained. 
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Figure 15. 2D and 3D patterns obtained by two-photon polymerization using BZC11 as 

initiator. Reproduced with permission of Ref.[359] 

 Considering that an expansion of the π-conjugation is beneficial to get a broad two-

photon polymerization window, a series of benzylidene ketones varying by the middle ring 

size and possessing peripheral coumarins were proposed by Gryko and coworkers.[364] A 

series of 4 coumarin-based structures was proposed and their photoinitiating abilities were 

compared to that of two references compounds, namely 7-(didodecylamino)-2-oxo-2H-

chromene-3-carbaldehyde (M) and 4,4’-diethylaminobenzophenone (R) (See Figure 15). 

Biocompatibility of photoinitiators was also examined in this work. Choice of coumarins as 

peripheral groups was notably motivated by the remarkable photoinitiating ability of these 

dyes in one-photon polymerization[97–108,365–367] and two-photon polymerization.[368–

371] Examination of the UV-visible absorption properties in toluene of 3,3'-carbonylbis(7-

(dihexylamino)-2H-chromen-2-one) (BZC12) and 3,3'-carbonylbis(7-(didodecylamino)-2H-

chromen-2-one) (BZC13) revealed the two dyes to absorb at 477 and 475 nm respectively (See 

Table 1). By replacing the five-membered ring of 3,3'-((2-oxocyclopentane-1,3-

diylidene)bis(methanylylidene))bis(7-(didodecylamino)-2H-chromen-2-one) (BZC14) by a six-

membered ring in 3,3'-((5-methyl-2-oxocyclohexane-1,3-diylidene)bis(methanylylidene))bis(7-

(didodecylamino)-2H-chromen-2-one) (BZC14), a blue-shift of the absorption maxima (540 

and 514 nm for BZC14 and BZC15 respectively), consistent with previous results reported in 

the literature mentioning the presence of internal torsion adversely affecting the electronic 

delocalization. For comparison, absorption of the parent 7-(didodecylamino)-2-oxo-2H-

chromene-3-carbaldehyde (M) was only located at 462 nm in toluene. Absorption maxima of 

all dyes shifted bathochromically in dichloromethane, from 10 nm for M to 25 nm for 

compounds BZC14 and BZC15. Very short excited state lifetimes were also determined for all 

dyes, ranging from 0.05 ns for BZC12 and BZC13 to 0.9 and 0.07 ns for BZC14 and BZC15. A 

severe reduction of the excited state lifetimes was determined for the bis-coumarins 

BZC14/BZC15 compared to that of M (1.95 ns). 



 
Figure 15. Chemical structures of photoinitiators investigated by Gryko and coworkers.[364] 

Table 1. Photophysical properties of the 4 coumarin-based photoinitiators investigated by 

Gryko and coworkers.[364] 

Compounds λmax (nm) ε (M-1. cm-1) λem (nm) ϕfl τ (ns) 

BZC12 451 89700 477 0.010 0.05 

BZC13 450 91000 475 0.010 0.05 

BZC14 479, 504 55100, 57900 540, 578 (sh) 0.251 0.90 

BZC15 460 72100 514, 558 (sh) 0.025 0.07 

M 440 52700 462 0.576 1.95 

 

Determination of the fabrication window consisting in the determination of the 

difference existing between the lower polymerization threshold and the higher burning 

threshold revealed BZC14 and BZC15 to exhibit a fabrication window shifted at higher 

energies compared to BZC12 or BZC13 also being bis-coumarin structures but not benzylidene 

ketones (See Figure 16). A good correlation between two-photon absorption cross-section and 

fabrication window was determined. Finally, examination of the morphology of 

preosteoblastic cells cultured on polymers elaborated with BZC12, BZC13, BZC14 and BZC15 

revealed the development of preosteoblastic cells to be comparable to that of the reference 

culture done on polystyrene. Especially, all cells displayed a similar elongated morphology 

and the number of cells on the different examined surfaces were identical, indicating a 

comparable growth rate of cells. 

 



 

Figure 16. Two-photon absorption cross-sections, fabrication window, and threshold values 

of different photoinitiators BZC12-BZC15. Reproduced with permission of Ref. [364] 

 

 Finally, in 2021, a series of 12 benzylidene cyclopentanones varying by the peripheral 

groups was proposed as efficient photoinitiators for 3D printing applications by Lalevée and 

coworkers (See Figure 17).[176] As interesting features, upon introduction of a silver salt, silver 

nanoparticles could be generated during the polymerization process. As shown in the Figure 

18 and in the Table 2, all dyes showed a significant absorption in the visible range so that 

polymerization experiments could be carried out at 405 and 470 nm. Noticeably, the most red-

shifted absorptions were found for BZC2, BZC21 and BZC26, absorption peaking respectively 

at 460, 485 and 460 nm. All these dyes comprise dialkylaminobenzene or 

diphenylaminobenzene moieties as peripheral groups. Conversely, for the other dyes, 

absorption maxima below 460 nm were determined in acetonitrile, consistent with the 

presence of weaker electron donating groups (See Figure 18 and Table 2). 
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Figure 17. Benzylidene cyclopentanones BZC2, BZC16-BZC26 examined by Lalevée and 

coworkers as one-photon photoinitiators. 

 

Figure 18. UV-visible absorption spectra of BZC2, BZC16-BZC26 in acetonitrile. Reproduced 

with permission from Ref.[176]  
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Table 2. Light absorption properties of BZC2, BZC16-BZC26 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). 

 

Chalcones 

λ
max 

(nm)
 

ε
max 

(M-1.cm-1) 

ε
@405nm 

(M-1.cm-1) 

ε
@470nm  

(M-1.cm-1) 

BZC16 396 41 980 37 050    270 

BZC17 392 40 840 33 590    110 

BZC18 400 

274 

41 770 

69 250 

41 610   2720 

BZC19 399 42 500 41 580   1280 

BZC2 460 

274 

57 400 

37 300 

23 700 53 446 

BZC20 397 38 150 36 700   1710 

BZC21 485 

278 

65 670 

22 680 

16 200 59 370 

BZC22 418 

268 

 6970 

12 890 

  6800   1600 

BZC23 428 

283 

61 130 

15 340 

50 310 16 540 

BZC24 427 

280 

42 062 

14 160 

32 270 14 380 

BZC25 421 

236 

36 350 

46 810 

30 560 10 160 

BZC26 460 

298 

47 620 

35 060 

25 300 44 400 

 

Photoinitiation abilities of the different dyes were examined during the free radical 

polymerization (FRP) of PEGDA in three-component dye/Iod/amine (0.1/1.5/1.5 wt%) 

photoinitiating system upon irradiation at 405 and 470 nm in thin and thick films (See Table 

3). Compared to the reference two-component Iod/amine combination furnishing a final 

monomer conversion of 76% after 200 s of irradiation at 405 nm in thin films, all dyes in three-

component systems could provide monomer conversions on par or even higher than that of 

the two-component Iod/amine system. It therefore demonstrated the crucial role of the 

different dyes during the initiating step. Remarkably, BZC17, BZC18, BZC22 and BZC23 could 

even furnish double bond conversion higher than 90 wt% within 50 s, evidencing the reactivity 

of these three-component systems. In thick films, a reduction of the monomer conversion was 

observed for all dyes, excepted for BZC2 for which a significant enhancement of the monomer 

conversion was observed. Surprisingly, the three-component system based on BZC2 could 

even outperform the reference system (92% conversion for BZC2 vs. 87% for the reference 

system). Reduction of the monomer conversion in thick films was assigned to inner filter 

effects, impeding light penetration within the photocurable resin. Conversely, photoinitiating 

ability of the iodonium/amine combination at 405 nm was assigned to the formation of a 



charge transfer complex absorbing at this wavelength.[372] At 470 nm, considering that the 

iodonium/amine combination does not absorb anymore, all three-component photoinitiating 

systems became interesting combinations since activable at wavelengths where the reference 

system doesn’t operate anymore. Besides, a reduction of the monomer conversion was 

observed both in thin or thick films and these differences of reactivity were determined as 

originating from their molar extinction coefficients at 470 nm. In the case of BZC2, an 

improvement of the monomer conversion was observed in thick films compared to thin film 

whereas the opposite trend was found for all the other dyes. The unusual behavior of BZC2 

could not be rationalized by the authors. Indeed, reactivity of dyes in photopolymerization 

results from a subtle interplay between molar extinction coefficient, solubility of the dyes in 

resins, rate constants of interaction with the different additives and excited state lifetimes.  

 

Table 3. Final monomer conversions determined during the FRP of PEGDA using three-

component dye/Iod/amine photoinitiating systems in thin and thick films upon irradiation 

with LEDs emitting at 405 or 470 nm. The blank corresponds to the two-component Iod/amine 

system. 

Final double bond conversions (FC) initiated by dye/Iod/amine 

 

Dyes 

LED@405nm LED@470nm 

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

BZC16 76% 7% 40% n.p. 

BZC17 93% n.p. 31% n.p. 

BZC18 96% 70% 39% 40% 

BZC19 80% 30% 89% 70% 

BZC2 73% 92% 70% 90% 

BZC20 83% n.p. 65% 50% 

BZC21 75% 70% 68% 70% 

BZC22 92% n.p. 5% n.p. 

BZC23 90% 13% 63% n.p. 

BZC24 75% 62% 76% 88% 

BZC25 76% 62% 84% 57% 

BZC26 79% 25% 86% 30% 

Blank 76% 87% n.p. n.p. 

n.p. no polymerization. 

 

Noticeably, photoinitiating ability of benzylidene cyclopentanones was not limited to 

the FRP of acrylate but also extended to the cationic polymerization of 3,4-

epoxycyclohexylmethyl 3,4-epoxycyclohexanecarboxylate (EPOX), what is relatively unusual 

for benzylidene ketones. As shown in the Table 4, even if all three-component dye/Iod/amine 

(0.1/1.5/1.5 wt%) photoinitiating systems could initiate the CP of EPOX, monomer conversions 



remained lower than that obtained with the reference system, excepted for BZC20 that could 

outperform the reference system in thin films. Irrespective of the photoinitiating system, no 

polymerization of EPOX could be obtained in thick films due to inner filter effects. Difference 

of reactivity between the different dyes is directly related to the photochemical reactivity of 

the different dyes towards the amine or the iodonium salt and the ability to facilely generate 

dye●+ radical cations. Photolysis experiments done in acetonitrile with the two-component 

dye/Iod and dye/amine systems and the three-component dye/Iod/amine systems revealed the 

different dyes to interact more efficiently with the iodonium salt than with the sacrificial 

amine. Theoretical feasibility of the interactions between the different dyes and the two 

additives (Iod or amine) was also investigated by determining the free energy changes (ΔE) of 

the electron transfer reactions. In the two cases, negative free energy changes were determined, 

evidencing the feasibility of the electron transfer between the dye and the two additives. By 

electron spin resonance (ESR)-spin trapping experiments, formation of aryl radicals by use of 

the three-component photoinitiating systems was demonstrated, thus proving the occurrence 

of an interaction between the different dyes and Iod. Interestingly, upon introduction of silver 

nitrate into the photocurable resins, part of the initiating radicals could be used to convert 

silver cations as silver (0) and thus the formation of Ag nanoparticles (AgNPs). As shown in 

the Figure 19, presence of silver nanoparticles within the polymer films was demonstrated by 

optical microscopy. As specificities, nanoparticles of different sizes and shapes can be found 

throughout the whole polymer. In most of the cases, aggregates of nanoparticles were found. 

On the opposite, silver nanoparticles prepared in DMF with the same three-component system 

are monodisperse and of small and regular sizes.  

 

Table 4. Final monomer conversions obtained during the cationic polymerization of EPOX 

using the three-component dye/Iod/amine system for thin films upon irradiation with a LED 

emitting at 405 nm. 

Final EPOX conversions (FCs) obtained with the three-component 

dye/Iod/amine systems 

Dyes BZC16 BZC17 BZC18 BZC19 BZC2 BZC20 BZC21 

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

Dyes BZC22 BZC23 BZC24 BZC25 BZC26 Blank  

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

 

 



 

Figure 19. TEM images of (A) AgNPs prepared in DMF solution; (B) AgNPs prepared in 

PEG-polymer during photopolymerization. Reproduced with permission from Ref.[176]  

 

 To support the formation of silver nanoparticles, the mechanism depicted in the Figure 

20 was proposed. Due to the presence of an oxidative and a reductive pathway, three different 

families of radicals Ar•, EDB• and dye-H• are formed and can be used as reducing agents for 

silver nitrate. 

 

Figure 20. Mechanism involved in the polymerization of PEGDA and the formation of silver 

nanoparticles. Reproduced with permission from Ref.[176]  

 



 Examination of the swelling properties of PEGDA films revealed the presence of Ag 

nanoparticles to drastically reduce the ability of polymers to absorb light, consistent with part 

of the interchain spaces occupied by Ag nanoparticles. Reversibility of the water swelling 

process was also demonstrated. Finally, considering that PEGDA-based polymers could be 

reversibly hydrated and dehydrated, these photoinitiating systems were thus investigated for 

4D printing applications and thus the design of shape memory objects. 4D printing consists in 

elaborating objects by 3D printing whose shapes can be modified by mean of external 

stimuli.[43,373–376] In the present case, heat and water were selected as the two stimuli 

capable to modify the shape of PEGDA-based objects. As shown in the Figure 21 for a cross 

printed using the BZC2-based three-component photoinitiating system and of 1 mm thick, 

immersion of the cross during one hour could modify the shape of the cross, consistent with 

the hydration of PEGDA polymer. Upon heating at 100°C for 100 s, the cross could return to 

its initial shape. Noticeably, by maintaining the heating for 10 min., an inversion of the 

curvature of the cross was observed, resulting from the complete dehydration of the PEGDA 

polymer in forced conditions. Finally, at ambient temperature, the cross could return to its 

initial shape. Repeatability of this four-step cycle (hydration, dehydration, inversion of 

curvature, return to the initial shape) was verified by cycling several times. Noticeably, 

comparisons between the polymers containing or not Ag nanoparticles revealed the curvature 

of Ag-based polymers to be lower than that of the polymer films without Ag particles, 

consistent with the results obtained during the swelling experiments. Notably, presence of Ag 

nanoparticles impedes water penetration within the polymer. 

   

 

Figure 21. Investigations of PEGDA films prepared with BZC2 in 4D printing applications. 

Different pictures evidencing the shape memory effect. Reproduced with permission from 

Ref.[176]  

H2O, 1 h 100°C, 100 s 100°C, 10 min. Tamb., 10 min.

Hydration/dehydration Heating/Cooling

Dye

Dye + AgNPs



 Water solubility of photoinitiators is a major issue as it could allow the polymerization 

in water, and thus the development of polymerization processes more respectful from the 

environment. In 2009, a benzylidene cyclopentanone was chemically modified so that the 

introduction of four water-soluble chains could be possible (See Figure 22).[377] Due to the 

presence of four carboxylate groups, 2,5-bis-{4-[bis-(2-sodiumcarboxylate-ethyl)-amino]-

benzylidene}-cyclopentanone (BSEA) showed a good solubility in water. As drawback, a 

severe reduction of the two-photon absorption cross-section of 287 GM at 800 nm (determined 

by NLT method) was found for BSEA in water, far from the value of 607 GM obtained in DMF 

for the water-insoluble BDEA. This unexpected behavior was assigned to an aggregation of 

the molecules in water, a structural distortion of the molecule or the formation of hydrogen 

bonds between the electron-donating groups of BSEA and water adversely affecting its two-

photon absorption cross-section.[378–380] Besides, this value remains higher than that 

determined for P2CK, a two-photon absorption cross-section of 176 GM being determined at 

800 nm in water.[381,382] It has to be noticed that P2CK was nonetheless used for 

photopolymerization experiments but also for one- and two-photon excited photodynamic 

therapy (TPE-PDT), demonstrating the versatility of this structure.[383] 

 

 

Figure 22. Chemical structure of BSEA and P2CK. 

Recently, BSEA was revisited in a more extended study aiming one again at 

investigating the influence of the middle ring size on the two-photon absorption properties of 

benzylidene ketones (See Figure 23).[297] Here again, crucial importance of the middle ring 

size was evidenced. Thus, if an increase of the two-photon absorption cross-section from 567 

(T1) to 808 GM (BSEA) was determined in deionized water, this value decreased to 231 GM 

for the six-membered ring T3. It has to be noticed that the two-photon absorption cross-section 

of BSEA determined in this work strongly differs from the value obtained in the previous work 

(297 GM determined by NLT method vs. 808 GM for BSEA determined by 2PEF method in 

this work and in the same solvent i.e. water). Meanwhile, if different, comparison between T1, 

BSEA and T3 remains possible, the three values being determined in the same conditions. 

Considering that the two-photon absorption cross-section is strongly dependent on the 

intramolecular charge transfer, the low TPA cross-section of T3 was assigned to the flexibility 

of the six-membered ring in T3, distorting the structures and reducing the electronic 

delocalization.  



 

Figure 23. Chemical structures of T1, BSEA and T3. 

 In 2020, an elegant strategy was developed by Nie and coworkers to produce water 

soluble photoinitiators.[384] Instead of modifying a photoinitiator by mean of chemical 

engineering in order to introduce water-soluble groups, Nie and coworkers used 

triethanolamine (TEOA) as an electron donor to form an intermolecular charge transfer with 

the water-insoluble 2,6-bis(furan-2-ylmethylidene)cyclohexan-1-one (BFC) (See Figure 24). 

Using this strategy, one-photon polymerization of PEGDA could be carried out while using 2 

wt% BFC/TEOA charge transfer complex (CTC), even if a water solubility up to 5 wt% for the 

BFC/TEOA CTC was determined. Parallel to this, an extended absorption of the CTC 

compared to that of BFC in the visible light region was also demonstrated. Thus, a redshift of 

the absorption maximum was found from 373 nm for BFC to 400 nm for the BFC/TEOA CTC 

(See Figure 25). This redshift was also evidenced during the photoluminescence experiments. 

Thus, if emission maximum of BFC was located at 483 nm, this value shifted to 578 nm for 

BFC/TEOA CTC in acetonitrile. 

 

Figure 24. Chemical structure of BFC, different monomers and additives. 



 

Figure 25. UV-visible absorption spectra of BFC and BFC-TEOA CTC in acetonitrile. 

Reproduced with permission of Ref.[384] 

 Examination of the photoinitiating abilities revealed a significant enhancement of the 

monomer conversion upon increase of the BFC/TEOA CTC concentration upon irradiation at 

405 nm with a LED (See Figure 26). Thus, the final monomer conversion of acrylamide (AM) 

increased from 38% up to 80% by increasing the CTC concentration from 0.5 to 3 wt%. This 

trend was confirmed during the FRP of poly(ethylene glycol)diacrylate (PEGDA) or 

hydroxyethyl acrylate (HEA). 

 

Figure 26. Photopolymerization profiles determined during the FRP of acrylamide (AM) 

using BFC (0.5 wt%), BFC/TEOA (0.5 wt%), BFC/TEOA (1 wt%), BFC/TEOA (2 wt%), 

BFC/TEOA (3 wt%) during the FRP of AM upon irradiation with a LED 405 nm (I = 70 

mW/cm²). Reproduced with permission of Ref.[384] 

 



Finally, a mechanism supporting the polymerization process was proposed by the 

authors (See Figure 27). After formation of the charge transfer complex, upon photoexcitation, 

an electron transfer can occur from the electron-donating TEOA to the electron-accepting BFC. 

Subsequently to this first step, a hydrogen abstraction by the ketone can occur, generating α-

aminoalkyl radicals capable to initiate free radical polymerizations (See Figure 27). 

 

 

Figure 27. Mechanism involved during the FRP initiated by the BFC/TEOA CTC. Reproduced 

with permission of Ref.[384] 

 

3. Asymmetrically substituted benzylidene cyclopentanones 

 Symmetrically substituted cyclopentanones were not the only structures to be studied 

as one and two-photon photoinitiators. Asymmetrically structures were also the focus of 

several studies. The first one was reported in 2006 by Fang and coworkers.[356] In this 

pioneering work, three dyes comprising a triphenylamine unit was designed and synthesized. 

Determination of the two-photon absorption cross-sections of the three dyes revealed 5,5',5''-

((nitrilotris(benzene-4,1-diyl))tris(methanylylidene))tris(2-((E)-4-(dimethylamino) 

benzylidene)cyclopentan-1-one) (BZC29) to exhibit a two-photon absorption cross-section of 

3298 GM which is six times higher than that of the reference compound i.e. BZC2. 



 

Figure 28. Chemical structures of multibranched triphenylamine-based dyes BZC27-BZC29 

and the reference compound BZC2. 

Investigations of their UV-visible absorption properties in chloroform revealed the 

absorption maxima of the three dyes to be located at 470, 490 and 492 nm for BZC27-BZC29 

respectively. A redshift of the absorption maximum was found upon increase of the number 

of branches even if only a slight shift was observed between BZC28 and BZC29, evidencing 

the limitation of this approach (See Figure 29). A redshift of the emission was also observed, 

BZC27-BZC29 emitting at 546, 550 and 552 nm respectively. A decrease of the Stokes shift with 

the number of branches was observed which may be due to a decrease of the excited-state 

charge transfer in multibranched structures. Determination of their two-photon absorption 

cross-sections at 800 nm revealed values of 781, 2474 and 3298 GM, for BZC27-BZC29 

respectively. Based on previous results reported in the literature, enhancements of the two-

photon absorption cross-section in multibranched compounds was assigned to vibronic 

coupling and electronic coupling between chains and therefore of cooperative effects.[385,386] 

However, considering that the enhancement of the two-photon absorption cross-section 

values decreased with increasing the numbers of branches, electronic coupling between chains 

was determined as being the main cause of variation of these values. Noticeably, even if the 

two-photon absorption cross-sections of BZC28 and BZC29 are high, such values have 

previously been reported in the literature for other structures such as pyrylium,[387] 

triphenylamine derivatives[388] or 3,5-dicyano-2,4,6-tristyrylpyridine derivatives.[389]   



 

Figure 29. UV-visible absorption spectra of BZC27-BZC29 in chloroform. Reproduced with 

permission of Ref.[356] 

 Examination of their photoinitiating abilities in two-component systems with 4,4’-

dimethyldiphenyliodonium hexafluorophosphate during the FRP of a mixture of three 

acrylate monomers i.e. 2-phenoxyethyl acrylate/pentaerythritol triacrylate/ epoxy acrylate 

(1/3/5 w/w/w) upon irradiation with a light source emitting in the 400-500 nm range revealed 

the two dyes to furnish monomer conversions of 70% after 15 min. of irradiation. Conversely, 

conversions of only 52 and 60% were obtained with BZC2 and BZC27. Considering the 

similarity of monomer conversions obtained with BZC28 and BZC29 and their differences of 

molar extinction coefficients, presence of an inner filter effect for BZC29 adversely affecting its 

photoinitiating ability during photopolymerization was suggested by the authors as a 

plausible explanation (See Figure 30). 

 
Figure 30. Polymerization profiles determined for BZC27-BZC29 during the FRP of a mixture 

of three monomers i.e. 2-phenoxyethyl acrylate/pentaerythritol triacrylate/ epoxy acrylate 

(1/3/5 w/w/w) upon irradiation with a light source emitting in the 400-500 nm range. 

Reproduced with permission of Ref.[356] 
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 In 2008, five asymmetrically substituted benzylidene cyclopentanones were proposed 

by Wu and coworkers.[390] In this series of dyes, even if all benzylidene cyclopentanones were 

designed with electron-donating dialkylaminophenyl groups, in the case of BZC30-BZC34, 

alkyl chains of different lengths were also introduced on one side, enabling to finely tune the 

solubility of dyes in resins but also the electron donating ability of this group. 

 

Figure 31. Chemical structures of asymmetrically substituted dyes BZC30-BZC34 proposed by 

Wu and coworkers.[390] 

 Compared to the symmetrically substituted benzylidene cyclopentanones depicted in 

the previous paragraph such as BZC2 or BDEA, no significant modifications of their 

absorption properties could be found for BZC30-BZC34.[391,392] As shown in the Figure 32, 

absorption maxima varied between 470 nm for BZC31 to 475 nm for BZC30, BZC33, BZC34 

and 477 nm for BZC32 in chloroform. These values are close to that determined for BZC2 and 

BDEA (λmax = 466 nm) in chloroform.[393] In the case of BZC31, blueshift of the absorption 

maxima can be assigned to the presence of chlorine atom on one of the dialkylaminophenyl 

group, adversely affecting its electron-donating ability.  Conversely, in the case of BZC32-

BZC34, modification of the peripheral chain lengths did not modify the position of the 

absorption maxima. By using the two-photon excited fluorescence (TPEF) method, TPA cross-

sections of BZC30-BZC34 could be determined in chloroform. Values of 506, 510, 386, 466 and 

403 GM were respectively determined for BZC30-BZC34. Noticeably, introduction of a lateral 

alkyl chain adversely affected the TPA cross-section, attributable to its ortho-position relative 

to the double bond so that an internal torsion of the molecule was induced. FRP experiments 

done for the polymerization of a mixture of three monomers i.e. 2-phenoxyethyl 

acrylate/pentaerythritol triacrylate/ epoxy acrylate (1/3/5 w/w/w) upon irradiation with a light 

source emitting at wavelength higher than 470 nm were carried out with two-component 

systems using hexaarylbiimidazole (HABI) as the co-initiator. As shown in the Figure 33, 

although the different dyes are of similar structures, major differences could be evidenced 

during the photopolymerization experiments. Thus, different induction periods and 

polymerization rates could be detected, evidencing the strong influence of the substitution 

pattern on the photoinitiating abilities. In this series of dyes, the worse monomer conversion 

was obtained with the two-component BZC31/HABI combination, once again evidencing the 

detrimental role of halogen atom on the optical properties and the photoinitiating abilities. 



 

 

Figure 32. UV-visible absorption spectra of BZC30-BZC34 in chloroform. Reproduced with 

permission of Ref. [390] 

 

 

Figure 33. Polymerization profiles determined during the FRP of a mixture of three 

monomers i.e. 2-phenoxyethyl acrylate/pentaerythritol triacrylate/ epoxy acrylate (1/3/5 

w/w/w) upon irradiation with a light source emitting at wavelength higher than 470 nm 

using BZC30 (1), BZC31 (2), BZC32 (3), BZC33 (4) and BZC34 (5). Reproduced with 

permission of Ref. [390] 

 The same year, the same group examined another asymmetrically substituted 

benzylidene cyclopentanone comprising a coumarin group (See Figure 34).[393] For these two 

molecules and due to the presence of the coumarin fragment, a significant enhancement of the 

two-photon absorption cross-sections could be determined in chloroform. Thus, values of 939 

BZC30
BZC31
BZC32
BZC33
BZC34



and 1150 GM could be respectively determined for BZC35 and BZC36. Compared to BZC2 for 

which an absorption maximum at 466 nm was found, a significant redshift of the absorption 

was found for BZC35 and BZC36, peaking at 500 and 521 nm respectively. Compared to the 

dimethylamino group, the higher electron-donating ability of the coumarin fragment was 

evidenced. Fluorescence experiments revealed the redshift of the emission maximum to be 

greater than that of the absorption maximum. Indeed, photoluminescence maxima located at 

535, 564 and 580 nm could be determined for BZC2, BZC35 and BZC36. These results 

demonstrate that the charge transfer character of the main absorption band and the fact that 

their excited states exhibit a higher polarity than their ground-states. Noticeably, in this study 

and contrarily to what is done in the other studies, solvatochromism of BZC35 and BZC36 

could be rationalized by mean of the Lippert-Mataga solvatochromic semiempirical 

scale.[394,395] As previously observed for symmetrically substituted benzylidene 

cyclopentanones, presence of coumarins groups was beneficial to the two-photon absorption 

cross-section, since values of 939 and 1150 GM at 877 nm were found in chloroform, greatly 

higher than that of BZC2 (526 GM). 

 

Figure 34. Chemical structures of BZC35 and BZC36. 

When tested as photosensitizer for the sensitization of 4,4’-dimethyldiphenyliodonium 

hexafluorophosphate, an enhancement of the final monomer conversion was observed from 

BZC2 to BZC35 and BZC36. Thus, conversions of 60, 68 and 70% could be determined after 15 

min. of irradiation with a light source emitting in the 400-500 nm range (See Figure 35).  

 

Figure 35. Polymerization profiles determined during the FRP of a mixture of three monomers 

i.e. 2-phenoxyethyl acrylate/pentaerythritol triacrylate/ epoxy acrylate (1/3/5 w/w/w) upon 

irradiation with a light source emitting in the 400-500 nm range. Reproduced with permission 

of Ref. [393] 
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 During the two-photon polymerization experiments, a decrease of the threshold 

energy was determined upon increase of the dye concentration. Thus, if a threshold of 2.11 

mW was determined at 0.01 wt% BZC36 for the polymerization of a mixture of three 

monomers i.e. 2-phenoxyethyl acrylate/pentaerythritol triacrylate/ epoxy acrylate (1/3/5 

w/w/w), this value decreased to 1.05 mW at 0.1 wt%. Upon addition of HABI (1 wt%) and 3-

mercapto-4-methyl-1,2,4-triazole (MMT) (1 wt%) as co-initiators, threshold energy could be 

reduced to 0.44 mW at 1 wt% BZC36. The same burning threshold (3.39 mW) was found 

irrespective of the additives and the dye used and this burning threshold was assigned to the 

monomers used for the polymerization experiments. As shown in the Figure 36, 2D and 3D 

structures could be obtained with a remarkable spatial resolution in the case of BZC36. 

 

Figure 36. Examples of 2D and 3D patterns obtained by TPA photopolymerization 

experiments a) by using BZC36 and by modifying the intensity of the incident light b) by using 

the three-component BZC36/HABI/MMT and by modifying the intensity of the incident light 

c) by using the three-component BZC36/HABI/MMT at different scan speed d) by using BZC36 

and 1.1mW power and 44 µm/s scan speed. Reproduced with permission of Ref. [393] 

 In 2010, influence of the substitution pattern was examined by comparing the 

photoinitiating abilities of 3-DAC and 4-DAC, the two dyes being isomers of positions (See 

Figure 37).[222] 

 

Figure 37. Chemical structure of 3-DAC and 4-DAC. 



In this work, influence of the bridging position was found to have a dramatic effect on 

the π-conjugation as well as the photophysical and photochemical properties of the dyes. 

Notably, 3-DAC was found to exhibit a higher conjugation and a higher planarity than 4-DAC, 

resulting in turn in a larger TPA cross section (300 GM for 3-DAC vs. 107 GM for 4-DAC at 800 

nm). 

Possibility to design water-soluble asymmetric structures was also examined by Wu 

and coworkers.[396] In this aim, pyridinium and carboxylates groups were introduced as 

hydrophilic groups (See Figure 38). Even if two-photon polymerization experiments could be 

carried out with these two dyes, small two-photon absorption cross-sections were determined 

in the 720-880 nm range. Thus, a value of 113 GM was determined in chloroform for P1 

whereas this value could not be determined for Y1, making these water-soluble dyes less 

interesting candidates for photopolymerization than their symmetric analogues (two-photon 

absorption cross-sections ranging between 231 and 808 GM for T1, BSEA and T3).  

 

Figure 38. Different asymmetrically substituted water-soluble benzylidene cyclopentanones. 

 

A summary of the optical properties as well as the monomer conversions obtained with 

the different benzylidene cyclopentanones is provided in the Table 5. 

Dye 
Chemical 

structure 

Maximum 

absorption 

wavelength 

(nm) 

Photoinitiating 

systems 
Monomers 

Light 

source 

Monomer  

conversion 
Ref. 

2.1. chalcones      

BDPO 
 

433 BDPO/NIOTf PBOCS 
780 nm 

- [310] 

BDPA 

 

459 BDPA/NIOTf PBOCS 
780 nm 

- [310] 

BZC1 
 

441 BZC1 TTA/ETA 780 nm - [305] 

BZC2 
 

466 BZC2 TTA/ETA 
780 nm 

- [305] 

BZC3 
 

481 BZC3 TTA/ETA 
780 nm 

- [305] 

BZC4 
 

432 BZC4 TTA/ETA 
780 nm 

- [305] 

BZC5 
 

432 BZC5 TTA/ETA 780 nm - [305] 



PBDA 

 

473 PBDA ETPTA 473 nm 57% [336] 

PBDA 

 

473 PBDA PEGDA 473 nm 68% [336] 

BDEA 

 

487 BDEA ETPTA 473 nm 43% [336] 

BDEA 

 

487 BDEA PEGDA 473 nm 46% [336] 

4Met-BAC 

 

475 4Met-BAC PETA 380 nm 21% [354] 

BZC2 

 

475 BZC2 PETA 380 nm 10% [354] 

BZC16 
 

396 dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 76% [176] 

BZC17 
 

392 dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 93% [176] 

BZC18 
 

400 

274 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 96% [176] 

BZC19 
 

399 dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 80% [176] 

BZC20 
 

460 

274 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 73% [176] 

BZC21 
 

397 dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 83% [176] 

BZC22 

 

485 

278 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 75% [176] 

BZC23 
 

418 

268 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 92% [176] 

BZC24 
 

428 

283 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 90% [176] 

BZC25 
 

427 

280 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 75% [176] 

BZC26 
 

421 

236 

dye/Iod/amine 

(0.1/1.5/1.5 

wt%) 

PEGDA 405 76% [176] 



BFC 
 

400 

2 wt% 

BFC/TEOA 

CTC 

AM 405 nm 60% [384] 

BZC27 

 

470 dye/Iod 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

400-500 

nm 
62 [356] 

BZC28 
 

490 dye/Iod 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

400-500 

nm 
70 [356] 

BZC29 

 

492 dye/Iod 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

400-500 

nm 
70 [356] 

BZC30 

 

475 dye/HABI 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

470 nm 55% [390] 

BZC31 

 

470 dye/HABI 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

470 nm 38% [390] 

BZC32 

 

477 dye/HABI 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

470 nm 65% [390] 

BZC33 

 

475 dye/HABI 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

470 nm 60% [390] 



epoxy acrylate 

(1/3/5 w/w/w) 

BZC34 

 

475 dye/HABI 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

470 nm 60% [390] 

BZC35 
 

500 dye/Iod 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

400-500 

nm 
65% [393] 

BZC36 
 

521 dye/Iod 

2-phenoxy-

ethyl 

acrylate/penta

erythritol 

triacrylate/ 

epoxy acrylate 

(1/3/5 w/w/w) 

400-500 

nm 
65% [393] 

 

Conclusion 

 Benzylidene cyclopentanones have been extensively studied as one and two-photon 

photoinitiators. Even if numerous works were historically devoted to two-photon 

polymerization processes, recent works have clearly demonstrated their potential use as one-

photon initiators. A great deal of efforts has notably been devoted to develop water-soluble 

dyes, enabling to elaborate greener polymerization processes. Superiority of benzylidene 

cyclopentanones over the other benzylidene ketone has been clearly evidenced, especially for 

tow-photon polymerization. Indeed, due to the rigidity provided by the central five-

membered ring cycle, a dramatic enhancement of the two-photon absorption cross-section as 

well as presence of a wide fabrication window could be demonstrated. Among benzylidene 

cyclopentanones, BZC2 is undoubtedly the most widely studied structure since 1991. This is 

directly related to the fact that this dye can be prepared with cyclopentanone and 4-

dimethylaminobenzaldehyde that are extremely cheap reagents. Besides, there are still rooms 

for improvements. Notably, at present, no type I photoinitiators have been designed with 

benzylidene cyclopentanones such as oxime esters[102,107,230,232,235,236,397–401] or 

glyoxylates for one photon polymerization.[402–405] Besides, it could greatly help to simplify 

the composition of the photocurable resins. Indeed, benzylidene cyclopentanones are efficient 

Type II photoinitiators but require the use of an additive. This issue could be addressed by 

developing monomolecular photoinitiators. Development of new benzylidene 

cyclopentanones based on glyoxylates or oximes esters is especially of crucial importance as it 

could be used in resins for 3D printing which is an additive manufacturing technique always 



in active development due to the growing market for this technology that is driving numerous 

innovations.   
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