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Abstract 

Photocatalysts, particularly metal-based complexes, have gained significant attention in 

photoredox catalysis, enabling controlled radical photopolymerization (CRP2) under 

mild irradiation conditions, such as sunlight or LED bulbs. In this study, three Fe(II) 

complexes−FeIISalen, FeIISaloex, and FeIISalophen−bearing non-symmetrical Schiff 

base ligands were synthesized and designed for potential application in CRP2. The 

complexes were characterized using FTIR, UV-Vis, and fluorescence spectroscopy, 

MALDI-TOF mass spectrometry, and elemental analysis. Additionally, density 

functional theory (DFT) and time-dependent density functional theory (TD-DFT) 

calculations were conducted to extract key structural, electronic, and excited-state 

properties. The catalytic performance of these Fe(II) complexes in the CRP2 of methyl 

acrylate (MA) was evaluated under different conditions, using ethyl α-

bromophenylacetate (EBPA) as the initiator and triethylamine (TEA) as the electron 

donor. The photopolymerizations proceeded efficiently, yielding polymers with 

controlled molecular weights and narrow molecular weight distributions (MWD). Among 

the tested photocatalysts, FeIISaloex exhibited the best performance, achieving high 

conversion and low polydispersity under LED irradiation. Furthermore, a mechanism was 

proposed based on spectroscopic analyses and literature data.  

 

Keywords: iron(II), Schiff base, photopolymerization, CRP2, LED irradiation. 
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1. Introduction 

Polymerization reactions find widespread application across diverse industrial 

sectors, including coatings,[1] 3D printing,[2] adhesives,[3] dentistry,[4] medicine,[5] 

microelectronics,[6] and nanomaterial design.[7] In recent decades, controlled/living 

radical polymerization (CRP) has revolutionized polymer synthesis by endowing precise 

control over polymer architecture, molecular weight, and functionality. However, 

conventional CRP methods often impose harsh reaction conditions and lack spatial and 

temporal control, prompting the emergence of controlled radical photopolymerization 

(CRP2). This innovative technique harnesses light-induced initiation, offering refined 

control over polymerization reactions while operating at ambient temperatures, thereby 

minimizing undesired side reactions.[8,9] 

The versatility of CRP2 imparts economic and environmental advantages, such as 

solvent-free processing, low energy consumption, and rapid reaction times, rendering it 

highly appealing for industrial applications. This advancement represents a significant 

departure from classical photoinitiators (PIs), where light merely triggers the reaction. In 

CRP2, photoinitiating systems (PISs) are employed, whereby light-mediated control over 

dormant species ensures re-initiation exclusively under irradiation, utilizing light emitting 

diodes (LEDs) or even sunlight. This nuanced control facilitates diverse applications, 

including copolymer synthesis, on-demand polymerization, and precise surface 

patterning with spatial precision.[9,10] 

The pursuit of environmentally friendly and efficient technologies has driven the 

development of PISs for polymerization. To be effective in CRP2, both photocatalysts 

(PCs) and PISs must possess specific characteristics. The PC should exhibit robust light 

absorption properties within the visible spectrum to efficiently initiate the photoredox 

catalysis process under mild irradiation conditions.[10] Additionally, the PC should 
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possess a suitable redox potential to facilitate the generation of radicals or other reactive 

species crucial for initiating polymerization reactions. Equally important is the stability 

and compatibility of the PC with the reaction conditions, ensuring sustained activity 

throughout the polymerization process while ideally aligning with the principles of green 

chemistry.[10] 

Regarding the polymerization initiation system, its components should work 

together synergistically to achieve efficient polymerization. The PIS typically includes a 

photoinitiator—either on its own or in combination with co-initiators—that should exhibit 

high initiating efficiency and compatibility with the PC. Additionally, it should be 

meticulously designed to promptly generate active species upon light irradiation, thereby 

enabling precise control over polymerization kinetics and molecular weight 

distribution.  [11] 

Notably, CRP2 can follow two main pathways: an oxidative pathway, based on a 

PC/iodonium salt/silane (or PC/iodonium salt/N-vinyl carbazole) system, and a reductive 

pathway, based on a PC/amine/alkyl halide system. In the quest for efficient CRP2 

systems, the exploration of various PCs has been paramount. While organic molecules 

have shown promise as efficient PCs, attention has turned towards metal complexes due 

to their favourable properties, including strong visible light absorption and redox 

capabilities.[11] 

Metal complexes such as iridium,[12] ruthenium,[13] copper,[14] platinum,[15] and 

iron[16] have been explored. Among these, iron emerges as a particularly promising 

candidate, boasting suitable visible light absorption properties and environmental 

friendliness. Despite its potential, the utilization of iron complexes in 

photopolymerization processes remains relatively limited compared to other metals. 
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Therefore, the development of novel Fe-based PISs presents an opportunity to expand the 

repertoire of CRP2 catalysts, offering enhanced performance and sustainability.[17,18] 

Previously, our research team explored various reversible deactivation radical 

polymerization (RDRP) methodologies, including conventional atom transfer radical 

polymerization (ATRP)[19-25] and organometallic-mediated radical polymerization 

(OMRP).[26-30] Additionally, we possess expertise in photoinduced RDRP techniques, 

employing cobalt, nickel and manganese complexes alongside Schiff base ligands to 

mediate photo-OMRP reactions across diverse monomers.[31-34] In the present study, we 

introduce Schiff base–iron(II) complexes for photoinduced, iron-catalyzed CRP2 (Figure 

1). These catalysts feature non-symmetric Schiff base ligands coordinated by two oxygen 

and two nitrogen atoms, and are activated under 365 nm LED irradiation. We evaluated 

their performance using varied proportions of ethyl α-bromophenylacetate (EBPA) as the 

initiator, triethylamine (TEA) as the electron donor, and methacrylate (MA) as the 

monomer.  

 

 

Figure 1. Fe(II) complexes featuring non-symmetrical Schiff base ligands employed as 

photocatalysts in controlled radical photopolymerization. 
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2. Results and discussion 

2.1. Synthesis and characterization of Fe(II) complexes 

The synthesis of Fe(II)-Schiff base complexes has been investigated using 

different synthetic methods. In 2004, Lemos et al. reported the synthesis of a novel Fe(II) 

complex bearing a salen ligand, which was prepared by reacting Fe(OAc)2 with the 

corresponding Schiff base in methanol.[35] In sequence, Abdallah et al. described the 

preparation of an Fe(II) complex with a salophen ligand, synthesized using a different 

precursor salt, FeCl2, in good yield, in an ethanol–water mixture.[36] In 2016, Chapman et 

al. introduced an alternative electrochemical method for synthesizing Fe(II) complexes 

with salen ligands. By maintaining anhydrous and anoxic conditions during 

electrochemical synthesis, they successfully obtained highly air-sensitive and 

spectroscopically pure Fe(II)-salen complexes[37] Subsequent work of Chantarojsiri et al. 

reported the synthesis of Fe(II) complexes through the metalation of Schiff base ligands 

with Fe(OAc)2 in methanol.[38]  

In the present study, we initially attempted to synthesize Fe(II) complexes using 

traditional methods described in the literature, employing methanol as the solvent. 

However, these attempts were unsuccessful due to the oxidation of the complexes, which 

resulted from their high sensitivity to air and moisture. Consequently, we developed a 

new procedure in which Fe(II) complexes were synthesized via an equimolar reaction 

between FeCl2 and the respective Schiff base ligands (ethoxy-salen, ethoxy-saloex, or 

ethoxy-salophen) under an argon atmosphere, using tetrahydrofuran (THF) as the solvent. 

The resulting Fe(II) complexes were obtained in good yields and characterized by FTIR, 

UV-Vis, fluorescence spectroscopy, elemental analysis, MALDI-TOF, and DFT 

calculations. 
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The FTIR spectra of the Fe(II) complexes and their respective free ligands showed 

numerous bands in the 2500–4000 cm−1 region (Figures S1–S3). The ν(C=N) bands were 

slightly shifted to lower wavenumbers, and strong bands at 306, 363, and 304 cm−1 

(ethoxy-salen, -saloex, and -salophen, respectively) were observed, which are likely 

related to ν(Fe–N), confirming the coordination of the azomethine nitrogen atom. 

Coordination with the phenolic oxygen of the Schiff base is supported by the appearance 

of bands at 363, 450, and 358 cm−1 (ethoxy-salen, -saloex, and -salophen, respectively), 

associated with ν(Fe–O). 

The elemental analysis (C, H and N) data accorded well with the calculated values. 

MALDI-TOF spectra of the FeIISalen, FeIISaloex and FeIISalophen complexes 

exhibited molecular ion signals at 366.5154, 420.5579, 414.4298 m/z, respectively 

(Figures S4–S6). These signals are consistent with the expected molecular weights of the 

Fe(II) complexes. 

The optimized geometries of the three Fe(II) complexes, namely FeIISalen, 

FeIISaloex, and FeIISalophen, were determined using DFT calculations (see section 3.4 

for further details). These structures are shown in Figure 2. The calculations confirm that 

the ground state of all three complexes corresponds to a quintet spin multiplicity (S = 2). 

The Schiff base ligands coordinate the Fe(II) centre in an (N,O,N,O)-tetradentate 

coordination mode. Across all three complexes, the Fe–N and Fe–O bond lengths are 

similar, indicating comparable coordination environments. Specifically, for FeIISalen, 

the bond lengths are 2.119 Å and 2.116 Å for N(1)–Fe and N(2)–Fe, respectively, and 

1.921 Å and 1.917 Å for O(1)–Fe and O(2)–Fe. In FeIISaloex, the Fe–N bonds are slightly 

shorter 2.108 Å for N(1) and 2.107 Å for N(2), with Fe–O distances of 1.919 Å (O(1)) 

and 1.913 Å (O(2)). In turn, FeIISalophen shows Fe–N bond lengths of 2.121 Å (N(1)) 
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and 2.122 Å (N(2)), slightly elongated than the previous ones, whereas the Fe–O bonds 

measure 1.922 Å (O(1)) and 1.915 Å (O(2)). 

 

Figure 2. DFT optimized geometries for FeIISalen, FeIISaloex and FeIISalophen 

complexes. All geometries correspond to the quintet ground state (S = 2), which was 

found to be the lowest-energy spin configuration for each complex. 

 

Variations in the ν(Fe–N) and ν(Fe–O) vibrational frequencies reflect subtle 

differences in the ligand field strength and geometric distortions. Notably, FeIISaloex 

exhibits the highest ν(Fe–O) value at 450 cm−1, indicating stronger Fe–O interactions 

consistent with its slightly shorter bond lengths, while the lower ν(Fe–O) of FeIISalophen 

(358 cm−1) aligns with its marginally elongated Fe–O distances, indicative of weaker 

metal–oxygen bonding. 

The bond angles in these complexes illustrate their geometric distortions. The 

N(1)-Fe-O(1) and N(2)-Fe-O(2) angles range from 77.43 to 88.70°, with FeIISaloex 

exhibiting the highest symmetry among them. Interestingly, FeIISalophen shows a 

significantly larger N(2)-Fe-O(1) angle of 164.70° compared to 150.85° for FeIISalen 

and 151.19° for FeIISaloex. This difference suggests that FeIISalophen adopts a distorted 

square-planar geometry, while FeIISalen and FeIISaloex are better described by seesaw-

like geometries. 
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This structural interpretation is further supported by the geometric parameter 

𝜏4,[39] calculated using the formula 𝜏4 = 360 − (𝛼 + 𝛽) 141⁄ , where 𝛼 and 𝛽 are the two 

largest bond angles around the metal centre. The 𝜏4 values range from 1.00 for an ideal 

tetrahedral geometry to zero for a perfect square planar geometry, with intermediate 

values corresponding to seesaw or trigonal pyramidal geometries. For the FeIISalen and 

FeIISaloex complexes, 𝜏4 is 0.41, confirming their seesaw geometry, while a 𝜏4 value of 

0.21 for FeIISalophen indicates a distorted square-planar geometry.[40,41] It is important 

to highlight that all bond lengths and angles around the Fe(II) centre are consistent with 

those typically observed in similar coordination compounds. 

 

2.2. Optical properties of the Fe(II) complexes  

The electronic absorption spectra of the Schiff base ligands and their complexes 

are presented in Figures S8-S9. In order to better understand their absorption features, a 

computational investigation of the electronic structure of the Fe(II) complexes was 

carried out. These were conducted using time-dependent density functional theory (TD-

DFT) calculations (see section 3.4 for further details). Both simulated and experimental 

spectra were recorded over the 200–800 nm range (Figure 3 and Figures S11 and S12), 

with absorption maxima and their theoretical assignments summarized in Tables S4, S6 

and S8. The main transitions are illustrated using natural transition orbitals (NTOs).[42] 

The experimental absorption bands for FeIISalen, FeIISaloex, and FeIISalophen 

observed in the region between 221 and 302 nm are primarily attributed to π→π* 

intraligand (IL) transitions within the Schiff base ligands. In turn, the bands observed in 

the 298–384 nm range can be majorly assigned to metal-to-ligand charge transfer 

(MLCT) transitions. For the Fe(II) complexes, the lowest unoccupied molecular orbital 

(LUMO) is predominantly composed by the π* orbital of the ligand , while the highest 
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occupied molecular orbital (HOMO) mainly originates from the ligand π orbital, with a 

minor contribution from the Fe d-orbitals (Figure S13). Furthermore, these complexes 

exhibit considerable absorption in the 300–500 nm range (Figure 3), making them 

suitable as photocatalysts under LED@365 nm. For example, the computed absorption 

spectrum of FeIISaloex predicts an electronic transition at 366.6 nm, which is attributed 

to MLCT transitions. The molar absorptivities of FeIISalen, FeIISaloex, and 

FeIISalophen are 700, 2700, and 11200 L−1 cm−1, respectively. Notably, Figure S10 

includes the simulated absorption spectrum of FeIISalen in the singlet state, which can be 

directly compared with the quintet-state calculation shown in Figure 3. This comparison 

demonstrates better agreement with the experimental data when the quintet ground state 

is considered, further supporting its assignment as the true ground-state multiplicity. 

 

 
Figure 3. Normalized experimental (curve) and theoretical (vertical bars) electronic 

absorption spectrum for FeIISalen (ground state: quintet), along with the corresponding 

NTO orbitals for selected main transitions in the simulated spectrum. 
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The fluorescence properties of the Fe(II) complexes were investigated in CH2Cl2, 

THF, MeOH, and MeCN at 25 °C (Figures S14–S16). In CH2Cl2, the Fe(II) complexes 

exhibited an emission band at 400 nm upon excitation at 340 nm, emitting in the blue 

region of the spectrum. In more polar solvents, a bathochromic shift in both absorption 

and emission was observed, or emission was completely quenched. This behaviour can 

be attributed to the coordinating nature of the solvents, which likely influence the 

electronic structure of the Fe(II) complexes, altering their photophysical properties.[43,44] 

The highest emission intensity was observed in CH2Cl2 for all complexes. Furthermore, 

when monitoring emission at 365 nm, the excitation spectra revealed a band centred 

around 300 nm, which remained consistent throughout all complexes. 

 

2.3. Controlled radical photopolymerization 

A series of photoinduced Fe(II)-based CRP2 experiments using MA as the 

monomer were conducted under different conditions at 25 °C. Controlled experiments, 

designed by systematically omitting one reagent at a time, were performed to investigate 

the critical components influencing the polymerization process. Results indicated that 

polymerization did not occur without the Fe(II) complex or blue light irradiation, 

highlighting the essential roles of both factors in initiating CRP2 (entries 11 and 12, Table 

1). To further assess the role of Fe(II) complexes as CRP2 photocatalysts, polymerization 

of MA was conducted in the presence of EBPA and TEA under LED@365 nm. The 

reaction was monitored until gelation occurred under different conditions, as presented in 

Table 1. These experiments provide essential information on the optimal conditions for 

Fe(II)-catalyzed CRP2. 

An increase in the Fe/additives ratio from 0.02 to 0.04, while maintaining a 

monomer/additives ratio of 200, led to an increase in monomer conversion for FeIISalen 
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from 77 to 86% (entries 2 and 3, Table 1). For FeIISaloex, a decrease in monomer 

conversion from 61 to 31% was observed under the same conditions (entries 5 and 6, 

Table 1), whereas no polymerization occurred for FeIISalophen (entry 9, Table 1). The 

higher photocatalyst concentration can be directly linked to the generation of more 

initiating species, which react with the monomer, producing a greater number of polymer 

growth chains.[45] According to the Beer–Lambert law, light penetration decreases as 

optical density increases, a phenomenon known as the inner filter effect. This effect is 

influenced by the molar concentration of absorbing species, their molar absorptivity, and 

the optical path length. Therefore, the higher concentrations of FeIISaloex and 

FeIISalophen, combined with the deep brownish colour of the solutions, likely lead to 

increased light absorption by the non-photoinitiator species. This inner filter effect 

reduces the effective energy absorbed by the PIS throughout the solution, thereby 

diminishing the photopolymerization efficiency and the final degree of conversion.[46] In 

addition, the increase in the Fe/additive ratio also affected polymer uniformity, as 

evidenced by a slight increase in polydispersity (Đ) in all cases. 

 

Table 1. Photoinduced FeII-catalyzeda CRP2 of MA at 25 ºC. 

Entry MA/EBPA/FeII/TEA Time (min) Conv.b (%) Mn
c
 (103 g mol−1) Đd 

1 200/1/0/1 240 np - - 

2 200/1/0.02/1 210 77 156 2.0 

3 200/1/0.04/1 270 86 174 2.1 

4 200/1/0.02/0.5 135 80 123 2.8 

5 200/1/0.02/1 300 61 605 1.3 

6 200/1/0.04/1 420 31 335 1.5 

7 200/1/0.02/0.5 270 52 180 1.2 

8 200/1/0.02/1 530 51 780 1.2 

9 200/1/0.04/1 1200 np - - 

10 200/1/0.02/0.5 300 70 480 1.3 
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11e 200/1/0.02/1 1200 np - - 

12f 200/1/0.02/1 240 np - - 

a 
FeIISalen was used in entries 2-4, FeIISaloex in 5-7, and FeIISalophen in 8-12. b The monomer 

conversions were determined by FTIR, with the following equation: conversion (%) =  100 ×
(𝐴0 − 𝐴𝑡 𝐴0⁄ ); np: no polymerization. c Number-average molecular weight. d Polydispersity index. e 420 

nm LED as irradiation source. f Without light irradiation.  

 

Regarding the additives, the FeII/TEA ratio was decreased from 1 to 0.5 for all 

Fe(II) complexes. For FeIISalen, this adjustment led to an increase in monomer 

conversion, accompanied by a rise in Đ from 2.0 to 2.8 and a reduction in 

photopolymerization time (entries 2 and 4, Table 1). In the case of FeIISaloex, the final 

conversion reached approximately 60%, with a reduction in photopolymerization time 

while maintaining control over the process (entries 5 and 7, Table 1). For FeIISalophen, 

a shorter photopolymerization time was observed, accompanied by an increase in 

conversion (entries 8 and 10, Table 1). These results suggest that the increased amount of 

EBPA likely enhances the generation of radical species responsible for initiating 

photopolymerization, thereby contributing to the observed reduction in the 

polymerization time for both complexes. 

The kinetic behaviour of Fe(II) complexes in the CRP2 of MA was investigated 

using the MA/EBPA/FeII/TEA molar ratio of 200/1/0.02/1 for all complexes. The 

polymerization rate (𝑅𝑝) as a function of MA conversion during photopolymerization 

catalyzed by Fe(II) complexes is shown in Figure 4. FeIISalen exhibited a significantly 

higher 𝑅𝑝 compared to the other complexes, leading to faster polymerization and higher 

conversion. As a result, polymerization control was reduced, yielding a polymer with 

greater Đ (entry 2, Table 1). Furthermore, a post-peak decline was observed, attributed to 

reduced mobility due to the formation of long polymer chains and the gel effect at 

conversions greater than 40%. For FeIISaloex and FeIISalophen, a lower Rp was 
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observed, and this slower polymerization led to a more gradual deceleration, forming a 

plateau rather than a sharp decline (Figure 4).  
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Figure 4. Dependence of 𝑅𝑝 values on MA conversion for the CRP2 of MA using a molar 

ratio of 200/1/0.02/1 (MA/EBPA/FeII/TEA) at 25 °C. 

 

In addition, a linear relationship between 𝑙𝑛([MA]0 [MA]𝑡⁄ ) and time, as shown 

in Figure 5, demonstrates that the polymerization rate follows pseudo first-order kinetics 

with respect to monomer concentration. This suggests that the concentration of radicals 

remained stable throughout the polymerization process for all complexes. The apparent 

rate constants (kapp) were of 5.3 ´ 10−3, 2.8 ´ 10−3, and 1.6 ´ 10−3 min−1 for FeIISalen, 

FeIISaloex, and FeIISalophen, respectively (Figure 5). These 𝑘𝑎𝑝𝑝 values are consistent 

with the trends observed in the photopolymerization curves. 
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Figure 5. Kinetic plots of 𝑙𝑛([MA]0 [MA]𝑡⁄ ) vs time for the CRP2 of MA using a molar 

ratio of 200/1/0.02/1 (MA/EBPA/FeII/TEA) at 25 °C. 

 

The optimal conditions were obtained using a MA/EBPA/FeII/TEA molar ratio of 

200/1/0.02/1. FeIISalen exhibited good catalytic activity, achieving higher conversions 

but with reduced control over Đ. Although FeIISalophen exhibited low polydispersity, it 

proved ineffective under certain conditions. FeIISaloex reached higher conversion 

whereas maintaining lower polydispersity compared to its parent complexes. Telitel et al. 

investigated an Fe(II) complex bearing (NE)-4-nitro-N-(pyridin-2-ylmethylidene)aniline, 

achieving an MMA conversion of 51% with Đ = 2.5 using the same molar ratio applied 

to FeII-Schiff base complexes.[45] Interestingly, FeIISaloex exhibited superior 

performance, resulting in an MA conversion of 61% with Đ = 1.3. Following these results, 

a linear relationship between molecular weight and monomer conversion was observed 

for FeIISaloex, as shown in Figure 6. The nearly symmetrical shape of the molecular 

weight distribution curves demonstrates the dominance of the conditions for controlled 

radical photopolymerization, resulting a shift of the entire molecular weight distribution 
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(MWD) of polyMA toward higher number-average molecular weight (Mn) values (Figure 

6).  
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Figure 6. Photopolymerization of MA and SEC (size exclusion chromatography) 

chromatograms for polymers obtained using an MA/EBPA/FeIISaloex/TEA molar ratio 

of 200/1/0.02/1 under LED@365 nm.  

 

To assess temporal control, experiments were conducted by intermittently 

switching the UV light ON and OFF. The photopolymerization of MA using a 

MA/EBPA/FeIISaloex/TEA molar ratio of 200/1/0.02/1 under LED@365 nm 

demonstrated that the reaction stopped when the LED was turned off (OFF mode). 

Furthermore, polymer formation occurred only after the UV light was turned ON 

periodically, resulting in higher conversions, as shown in Figure 7. 
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Figure 7. On-off experiment for CRP2 of MA using a molar ratio of 200/1/0.02/1 

(MA/EBPA/FeIISaloex/TEA) under LED@365 nm. 

 

2.4. Investigation of the mechanism 

To shed a light into the chemical mechanism at play, the interaction between 

FeIISaloex and additives was investigated through steady-state photolysis experiments in 

CH2Cl2 under LED@365 nm at 25 °C. Initially, FeIISaloex was irradiated separately, and 

exhibited moderate stability. Even after extended periods of irradiation, only minor 

changes in the absorption spectra were observed (Figure S17). Next, the interaction of the 

FeIISaloex/TEA solution under irradiation was tested. As seen in Figure S18, only slight 

changes in the spectra occurred, suggesting that TEA has minimal influence on 

FeIISaloex. However, when EBPA was introduced, the spectra showed considerable 

changes, indicating a strong interaction between the additive and FeIISaloex under light 

(Figure 8). This is likely due to the formation of the ethyl phenylacetyl radical, which can 

initiate radical polymerization, along with an oxidized iron complex. This further 

confirms the important role of EBPA in influencing the behaviour of FeIISaloex during 
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photopolymerization, aligning with the overall findings regarding the catalytic activity of 

the photocatalyst.[16, 47]  
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Figure 8. Steady-state photolysis of FeIISalen solutions with EBPA in CH2Cl2 under 

LED@365 nm. 

 

Furthermore, the interaction between the photocatalyst and additives was 

investigated through fluorescence quenching, with the quantum yield determined using 

Stern–Volmer coefficients (Figure 9). Among the studied systems, the FeIISaloex/EBPA 

interaction exhibited the most significant fluorescence quenching, resulting in a Stern–

Volmer constant (𝐾𝑆𝑉) of 93 M−1, indicating a higher reactivity with EBPA (Figure 9a-

b). The quantum yield (𝜙𝑒𝑡) associated with the electron transfer between Fe(II) and 

EBPA was calculated using the Stern–Volmer equation,[48] resulting in a value of 0.809. 

In contrast, the FeIISaloex/TEA interaction resulted in a lower 𝐾𝑆𝑉 value of 7.4 M−1 and 

𝜙𝑒𝑡 values of 0.252, indicating a reduced quantum yield compared to EBPA (Figure 9c-

d). These findings are consistent with the photolysis experiments. 
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Figure 9. Fluorescence quenching of FeIISaloex with additives in CH2Cl2: (a) 

FeIISaloex/EBPA; (b) Stern–Volmer coefficient determination with EBPA; (c) 

FeIISaloex/TEA; (d) Stern–Volmer coefficient determination with TEA. 

 

The CRP2 mechanism can occur through two different pathways, as reported in 

the literature.[14,41,49] One is the oxidative and the other is the reductive pathway. Both 

possibilities are represented in Scheme 1. In the first step (r1), the Fe(II) complex (PC), 

interacts with light, and is converted to its excited state (Fe(II)*). This species can interact 

with either EBPA (RBr) or TEA through two different reactions, r2 and r3, respectively. 

In r2, EBPA oxidises Fe(II)* to Fe(II)•+, that can be reduced back to the initial state by 

TEA (r2b); therefore, the PC is regenerated to Fe(II). In the reductive pathway, the Fe(II)* 
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species interacts first with TEA, forming Fe(II)•- (r3), that can be regenerated to Fe(II) by 

EBPA (r3b). The R• species that can be formed in r2 and r3b can initiate the 

polymerization (r6). It is worth noticing that the TEA•
(-H) species can also interact with 

the monomer, contributing with an additional initiation route (r7). Another possibility is 

the reduction of Fe(II)•+  by R(M)n
•, once the reduction potential of Fe(III) is higher than 

that of EBPA (r3c). Therefore, the oxidative pathway was proposed due to the stronger 

interaction of Fe(II) with EBPA compared to TEA, which is consistent with both the 

experimental data and the literature [Error! Bookmark not defined.]. To gain further 

insights into this interaction, the free energy change (ΔGet) associated with the 

photoinduced electron transfer from the Fe(II) complexes to EBPA was estimated using 

the classical Rehm–Weller equation[45,48]. The electrochemical potentials and excited-

state energies of the photocatalysts were determined by cyclic voltammetry and UV–Vis 

absorption and emission spectroscopy (Figures S19 and S20). The ΔGet values calculated 

for FeIISalen, FeIISaloex, and FeIISalophen were –1.91, –1.90, and –1.98 eV, 

respectively. The negative values obtained for all complexes confirm the thermodynamic 

feasibility of electron transfer to EBPA from the excited states, thus supporting the 

proposed oxidative pathway. 
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(r1) Fe(II) → Fe(II)* (hν) 

(r2) Fe(II)* + RBr → Fe(II)•+/Br- + R•  

(r3) Fe(II)* + TEA → Fe(II)•- + TEA•+ → Fe(II)•- + TEA•
(-H) + H+ 

(r2b) Fe(II)•+ + TEA → Fe(II) + TEA•
(-H) + H+ 

(r3b) Fe(II)•- + RBr → Fe(II) + RBr•- → Fe(II) + R• + Cl- 

(r6) R• + nM → R(M)n
• 

(r7) TEA•
(-H) + nM → TEA(-H)-(M)n

• 

(r3c) Fe(II)•+/Br- + R(M)n
• → Fe(II) + R(M)n-Br 

Scheme 1. Proposed reactions for the CRP2 steps mechanisms of the Fe(II)/EBPA/TEA 

redox combination. 
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Conclusions 

The synthesis of Fe(II) complexes bearing non-symmetric Schiff base ligands was 

reported, yielding the target complexes in good yields. Fe(II) complexes were fully 

characterized using various spectroscopic techniques, including FTIR, UV-Vis, and 

fluorescence spectroscopy. Their optimized geometries were determined through density 

functional theory calculations, with theoretical results aligning well with the experimental 

data. The simulated spectra provided a detailed understanding of the main electronic 

transitions in the complexes. Given their significant absorption in the visible range, these 

Fe(II) complexes were evaluated as photocatalysts for controlled radical 

photopolymerization (CRP2) under LED irradiation. FeIISaloex demonstrated the best 

performance, achieving high monomer conversion, a linear kinetic profile, and low 

polydispersity. Additionally, the interaction between the photocatalyst and additives was 

examined, revealing that the Fe(II)*/EBPA interaction was more effective than 

Fe(II)*/TEA. Based on these findings and spectroscopic data, an oxidative mechanism 

pathway for the photopolymerization was proposed. These findings highlight the 

potential of these Fe(II) complexes as effective photocatalysts for CRP2, paving the way 

for the development of advanced materials with tailored properties. 
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3. Experimental 

3.1. General remarks 

All reagents were purchased from Aldrich Chemical Co. All reactions and 

manipulations were performed under a nitrogen atmosphere using standard Schlenk 

techniques. Methyl acrylate (MA) was washed three times with 5% NaOH solution at an 

equimolar ratio with water. After that, the monomer was dried over anhydrous CaCl2 and 

stored at –18 ºC under nitrogen. The compounds o-phenylenediamine, ethylenediamine, 

cyclohexane-1,2-diamine, trimethylamine, 3-ethoxysalicylaldehyde, salicylaldehyde and 

ethyl α-bromophenylacetate (EBPA) were used without further purification. The ligands 

ethoxy-salen, ethoxy-saloex, and ethoxy-salophen were synthetized as reported in the 

literature,[31,32,50-52] and their purity was confirmed by satisfactory spectroscopic methods.  

 

3.2. Analyses 

Chemical shifts are reported in ppm relative to tetramethylsilane (TMS) as an 

internal standard. Monomer conversion was determined by measuring the residual 

monomer concentration using infrared spectroscopy. IR spectra were obtained on a 

PerkinElmer Frontier instrument equipped with a diamond ATR module, and recorded in 

the 4000–250 cm−1 range at a resolution of 4 cm–1. Each spectrum was acquired over 64 

s at 298 K. UV-Vis measurements were performed using a Shimadzu UV-2600 

spectrophotometer with 1 cm path length quartz cells. CH2Cl2 solutions of the complexes 

at a concentration of 0.5 mmol L‒1 were used for these measurements. MALDI-TOF 

measurements were carried out using a Bruker Daltonic Autoflex III Smartbean 

instrument. Molecular weights and molecular weight distribution of the polymers were 

determined by gel permeation chromatography (GPC) using a Shimadzu Prominence LC 

system equipped with an LC-20AD pump, a DGU-20A5 degasser, a CBM-20A 
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communication module, a CTO-20A oven set to 40 ºC, and a RID-10A detector. The 

system was equipped with two Shimadzu GPC-805 columns (30 cm, Ø = 8.0 mm). 

Retention times were calibrated using monodispersed poly(methyl methacrylate) 

standards in HPLC-grade THF as the eluent at 40 ºC, with a flow rate of 1.0 mL min−1. 

The polydispersity index (Đ) is defined as the ratio of the weight-average molecular 

weight (Mw) to the number-average molecular weight (Mn), i.e., Đ = Mw/Mn. For steady-

state photolysis experiments, solutions of the iron complexes, either alone or in the 

presence of EBPA, TEA, or both, were irradiated with an LED light source at 365 nm. 

UV-Vis spectra were recorded at different time intervals during irradiation. The molar 

concentrations of the complex and additives matched those used in the 

photopolymerization conditions, namely 200/1/0.02/1 (MA/EBPA/FeII/TEA).  

 

3.3. Synthesis of Fe(II)–Schiff bases complexes 

The FeIISalen, FeIISaloex, and FeIISalophen complexes were synthetized 

following the same procedure. To a two-necked flask containing the Schiff base (1 eq) 

and FeCl2 (1 eq), 5 mL of THF was transferred through a cannula under an argon 

atmosphere. The solution immediately acquired a dark red colour. The system was then 

placed under stirring and reflux conditions at 70°C for 2 hours. After solvent removal, the 

resulting red precipitate was washed with pentane and dried under reduced pressure for 

several hours, yielding the desired complexes as wine-coloured powders. 
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FeIISalen: Yield: 79% (92.6 mg). a) FTIR (cm−1): 3000-2825 ν(C−H), 1612 ν(C=N), 

1247 ν(C−O−C), 1078 ν(C−O), 458 ν(Fe−O), 350 ν(Fe−N); b) (CH2Cl2, nm (mol L−1 

cm−1), λmax (ε) = 230 (2138), 272 (1334), 325 (584), 360 (426), 455 (232), 515 (212); c) 

MALDI-TOF: m/z calcd for C18H18FeN2O3: 366.07 g mol−1; found: 366.5154; d) 

Elemental analysis calcd (%) for C18H18FeN2O3: C 59.04; H 4.95; N 7.65%; found: C 

59.23; H 5.12; N 7.89%. 

FeIISaloex: Yield: 92% (124 mg). a) FTIR (cm−1): 3160-2800 ν(C−H), 1620 ν(C=N), 

1249 ν(C−O−C), 1079 ν(C−O), 450 ν(Fe−O), 363 ν(Fe−N); b) (CH2Cl2, nm (mol L−1 

cm−1), λmax (ε) =  272 (1990), 325 (836), 360 (652), 455 (328), 515 (298); c) MALDI-

TOF: m/z calcd for C22H24FeN2O3: 420.11 g mol−1; found: 420.5579; d) Elemental 

analysis calcd (%) for C22H24FeN2O3: C 62.87; H 5.76; N 6.67%; found: C 63.11; H 5.92; 

N 6.84%. 

FeIISalophen: Yield: 85% (113 mg). a) 3050-2822 ν(C−H), 1591 ν(C=N), 1238 

ν(C-O−C), 1043 ν(C−O), 358 ν(Fe−O), 304 ν(Fe−N); b) (CH2Cl2, nm (mol L−1 cm−1), 

λmax (ε) = 230 (1635), 272 (982), 325 (1236), 360 (681), 455 (191), 515 (128); c) MALDI-

TOF: m/z calcd for C22H18FeN2O3: 414.07 g mol−1; found: 414.4298; d) Elemental 

analysis calcd (%) for C22H24FeN2O3: C 63.79; H 4.38; N 6.76%; found: C 63.91; H 4.49; 

N 6.99%. 

 

3.4. Theoretical calculations 

All DFT calculations in this work were conducted using the ORCA 5.0 quantum 

chemistry package.[53] A computational study was carried out to evaluate all possible spin 

multiplicities (singlet, triplet, and quintet) for the Fe(II)–Schiff base complexes. In 

particular, the geometric parameters obtained for the singlet and quintet states are 

presented in Tables S1 and S2, respectively. Gas-phase geometry optimizations were 
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carried out using the unrestricted DFT method, when applicable. The hybrid PBE0 

functional[54,55] was employed for both optimization and single-point energy calculations, 

with def2-SVP basis set applied to C, H, N, and O atoms and def2-TZVP for Fe.[56] 

Dispersion interactions were accounted for using Grimme’s D3 correction[57] with the 

Becke–Johnson (BJ) damping function.[58] To reduce computational cost, the resolution-

of-the-identity approximation for Coulomb integrals (RI-J) combined with the chain-of-

spheres-exchange (COSX) method (RIJCOSX)[59,60] was applied, utilizing the def2/J 

auxiliary basis sets. All calculations were performed with tight convergence criteria. 

Harmonic vibrational frequencies were computed at this level of theory to ensure that the 

stationary points as true minima, signifying equilibrium structures on the potential energy 

surfaces. This further ensured that imaginary frequencies were not generated in the 

minimum structures. Selected bond distances and bond angles from these calculations are 

listed in Table S2. Among the tested spin states, the quintet state (four unpaired electrons) 

yielded the lowest energy values: 𝐸 = −2293.667795, −2449.443811 and −2445.829828 

Hartree (FeIISalen, FeIISaloex and FeIISalophen, respectively). This finding aligns with 

a recent benchmark study, which indicates that Fe(II) complexes with coordination 

number 4 predominantly adopt an open-shell configuration, with the quintet state being 

the most common ground state.[61] The corresponding energies for the singlet state were 

𝐸 = −2293.604986, −2449.381907, and −2445.763632 Hartree, which are 39.4, 38.8, and 

41.5 kcal mol–1 higher than the respective quintet states. For the triplet states, the energies 

were –2293.658249, –2449.434667, and –2445.824268 Hartree, corresponding to 6.0, 

5.7, and 3.5 kcal mol–1 higher than the respective quintet states. Based on these results, 

all subsequent calculations were carried out using the quintet state. To theoretically 

predict the UV-Vis spectra of all complexes, TD-DFT calculations were performed at the 

ωB97X-D3(BJ)/def2-SVP [Fe: def2-TZVP] level.[62] This computational approach was 
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chosen because its long-range-separated functional provides a more balanced treatment 

of charge transfer excitations, making it particularly suitable for describing electron 

excitations,[63,64] including those of organometallic systems.[65-67] The theoretical 

assignments of the singlet and quintet states are summarized in Tables S3–S8. Natural 

transition orbitals (NTOs)[42] were generated as cube files using the ORCA program and 

visualized with GaussView 6.[68] 

 

3.5. CRP2 procedure 

The photoinduced Fe(II)-catalyzed CRP2 of MA was investigated using varying 

proportions of the monomer, initiator (EBPA), co-initiator (TEA) and Fe(II) complex. A 

365 nm LED light source was used for irradiation. Initially, a Schlenk flask containing 

the Fe(II) complex was degassed by performing three vacuum/nitrogen cycles. Then, a 

mixture of MA, EBPA and TEA was added, and the system was sealed, placed in a stirring 

apparatus, and exposed to LED@365 nm (10 W cm−2) at 25 ºC. At specific reaction 

intervals, 0.1 mL aliquots were extracted, dissolved in 1 mL of THF, and analysed by 

FTIR to determine monomer conversion and by GPC to assess polymer molecular 

weights and molecular weight distributions. 
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