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Abstract 

In this work, FeIII salophen complexes 1-3 were prepared from the reaction of H2L1-3 

(H2L1=N,N'-bis(salicylidene)-4-chloro-1,2-phenylenediamine, H2L2=N,N'-bis(salicylidene)-4-

bromo-1,2-phenylenediamine, and H2L3=N,N'-bis(salicylene)-4-nitro-1,2-phenylenediamine) 

with FeCl3.6H2O. The structure of the complexes was investigated by spectroscopic techniques, 

molar conductivity measurements and elemental analysis. In addition, water oxidation activity of 

complexes was investigated by different electrochemical methods in alkaline solution. The 

results showed that the compounds reveal high performance for water oxidation in terms of 

overpotential and Tafel slope values. FeIII complex 3 displayed the best activity for the reaction 

with low overpotential of 485 mV at a j of 10 mA cm-2 and a suitable Tafel slope of 216 mV dec-

1 among other complexes. This is due to larger electrochemically active surface area of 3, which 

leads to more active catalytic sites and improved water oxidation activity. Finally, the 

chronoamperometry test revealed that 3 is a stable and durable electrocatalyst for water 

oxidation. 
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Water oxidation 
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 Introduction 

Synthesis and design of iron(III) complexes 

with N2O2 ligands has always been an 

interesting field of research [1-6]. These 

complexes can be used as synthetic models 

for iron-containing enzymes [7-9]. They also 

can be used as catalysts for various 

asymmetric reactions [10, 11]. In addition, 

many non-heme iron metalloproteins having 

several active sites with mononuclear iron 

centers are biologically important [12, 13]. 

Iron can take various oxidation states from -

2 to +6, but the most common iron oxidation 

numbers are +2 and +3. The redox potential 

of Fe3+/Fe2+ couple depends on the type of 

ligands around it and, this facilitates the 

catalytic role of iron in biological systems 

[14]. For these reasons, the coordination 

chemistry of Fe complexes has always been 

of interest to researchers. For example, 

Basak et al. [15] reported two mononuclear 

iron(III) complexes containing N,N′-bis(3-

methoxysalicylidene)diethylenetriamine, 

N,N′-bis(3-

ethoxysalicylidene)diethylenetriamine and 

azide ligands. They also studied the band 

gap and conductivity of the complexes. The 

results showed that the complex with 

methoxy substitute is a better candidate for 

electronic device applications. Boca and 

coworkers investigated magnetic properties 

of some pentacoordinate FeIII complexes 

with bidentate Schiff-base N and O donor 

ligands [16]. They found that a distant 

ethoxy group to the methoxy residing at the 

phenyl ring of ligand influences the 

relaxation characteristics. Sharghi and 

coworkers applied the FeIII salen complex as 

a catalyst for the synthesis of benzoaxzol 

derivatives from catechols, ammonium 

acetate and aldehydes for the first time [17]. 

Sonmez et al. [18] prepared some complexes 

with polydentate Schiff-base ligands 

containing phenoxy groups with RuIII, CrIII 

and FeIII. Their findings that the FeIII 

complex reveals very efficient catalytic 

activity in the green synthesis of vitamin K3 

from 2-methylnaphthalene. Moreover, 

another important application of iron(III) 

complexes is their valuable catalytic role in 

the water splitting reaction, which have 

received special attention in recent years. 

Water splitting, which leads to the 

production of oxygen and hydrogen, is one 

of the most promising ways to storage 

energy [19-23]. For example, some iron (III) 

complexes with nitrogen and oxygen donor 

ligands that have been used  as catalysts for 

the oxidation of water are:  cis-

[Fe(cyclam)Cl2]Cl (cyclam= 1,4,8,11-

tetraazacyclotetradecane) [24], non-heme 

FeIII complexes [25, 26], Fe(salen)-MOF 

composite (salen= N,N′-

bis(salicylidene)ethylenediamine, 

MOF=metal-organometallic framworke)  

[27] , Fe-TAML (TAML=tetraamido 

macrocyclic ligand) [28], six coordinate FeIII 

aqua complex, [FeIII(dpaq)(H2O)]2+ 

(dpaq= 2-[bis(pyridine-2-ylmethyl)]amino-

N-quinolin-8-yl-acetamido) [29], 

pentanuclear iron complexes, 

[Fe4
IIFeIII(3O)(Me-bpp)6](PF6)3([Fe5-

Me](PF6)3), [Fe4
IIFeIII(3O)(Br-

bpp)6](PF6)3([Fe5-Br](PF6)3) (4-substituted-

3,5-bis(pyridyl)pyrazole) [30], [FeII
4FeIII(μ-

L)6(μ-O)]·(BF4)3(H2O)n
  ( LH: 2,2′-(1H-

pyrazole-3,5-diyl)dipyridine] [31] and so on. 

Among the Schiff-base complexes of iron 

with N and O donor ligands, Fe-salophen 

complexes have attracted a lot of attention 
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due to their stability, ease of preparation and 

excellent electrochemical behavior [32-37]. 

Salophens are tetradentate N2O2 Schiff base 

ligands which are produced from the 

condensation reaction of 1,2-

phenylenediamine derivatives with two 

equivalents of salicylaldehyde derivatives. 

Although there are many reports of 

mononuclear and binuclear complexes of 

iron containing salophen type ligands, 

synthesis and study of properties of Fe-

salophen complexes and their application in 

catalytic processes are still of interest to 

researchers.  

The aim of the present study is to synthesis 

and investigate of important structural 

properties and water oxidation activity of a 

number of iron(III) complexes with 

salophen ligands containing different 

electron-withdrawing substituents. Thus, in 

our continuing research on the coordination 

chemistry of salophen type ligands [19, 20, 

32, 37, 38], in this work we report 

experimental studies and water oxidation 

activity of iron(III)-salophen complexes 

with different electron-withdrawing 

substituents on the central phenyl ring of 

ligands. The results show that these 

compounds can catalyze the water oxidation 

reaction as stable and molecular 

electrocatalysts, and complex 3 shows the 

highest activity in terms of overpotential and 

Tafel slope values compared to complexes 1 

and 2. 

Experimental 

 Materials and Instruments 

N2O2 Schiff-base ligands, H2L1-3, N,N'-

bis(salicylidene)-4-chloro-1,2-

phenylendiamine, N,N'-bis(salicylidene)-4-

bromo-1,2-phenylendiamine, and N,N'-

bis(salicylidene)-4-nitro-1,2-

phenylendiamine were prepared according 

to the literature [38]. FT-IR spectra of 

compounds were obtained by a FT-IR 

Spectrometer Bruker Tensor 27 with using 

KBr pellet. Electronic absorption spectra 

were recorded with T 60 UV/Vis 

Spectrometer PG Instruments Ltd. The 

elemental analyses of the complexes were 

obtained from an Elementar elx ΙΙΙ. Cyclic 

voltammograms of complexes were 

recorded using an Autolab PGSTAT204. 

General method for synthesis of FeIII 

complexes 

An ethanol solution (20 mL) of FeCl3.6H2O 

(0.189 g, 0.700 mmol) was slowly added to 

the solution of Ligands, H2L
1-3 (0.700 mmol) 

in dichloromethane (15 mL) at room 

temperature. Immediately, the color solution 

was changed and a precipitate was formed. 

The reaction was continued for 4 h (the 

reaction end was controlled by thin layer 

chromatography). Finally, the mixture 

reaction was filtered, the residue 

recrystallized by ethanol-dichloromethane 

solvents and dried. 

 FeIII complex with H2L1 (1) 

A dark brown powder was achieved (0.230 

g, Yield: 74.91%). IR (KBr, cm-1) 3446 (br), 

1601 (s), 1573 (s), 1531(s), 1461 (m), 1439 

(m), 1373 (s), 1319 (s), 1194 (w), 1146 (w), 

1093 (m), 903 (m), 857 (m), 815 (s), 760 (s), 

603 (w), 547 (w), 497 (w), 475 (w), 432 (w). 

Elem. Anal. Calc. for C20H13FeO2N2Cl2 

(Mw= 439.74 g mol-1): C, 54.58; H, 2.96; N, 

6.36%. Found: C, 55. 09; H, 3.23; N%, 6.69. 

UV-vis in DMSO (λmax [nm] with ε [M-1cm-
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1]):  263 (9800), 303 (14700), 386 (8400), 

442 (4200). 

 FeIII complex with H2L2 (2) 

A dark brown powder was achieved (0.285 

g, Yield: 82.84 %). IR (KBr, cm-1): 3449 

(br), 1601 (s), 1571 (s), 1533 (s), 1487 (m), 

1461 (m), 1437 (m), 1372 (s), 1311 (s), 1194 

(w), 1149, 926, 858, 761 (s), 602 (w), 545 

(m), 495 (w), 475 (w). Elem. Anal. Calc. for 

C20H14 FeO2.5N2ClBr (Mw= 492.75 g mol-1): 

C, 48.70; H, 2.84; N, 5.68%. Found: C, 

49.31; H, 2.96; N%, 5.69. UV-vis in DMSO 

(λmax [nm] with ε [M-1cm-1]):  266 (23333), 

304 (33333), 385 (20066), 440 (4200). 

FeIII complex with H2L3 (3) 

A dark brown powder was achieved (0.250 

g, Yield: 73.52 %). IR (KBr, cm-1) 3422 

(br), 1604 (s), 1573 (s), 1522 (s), 1462 (m), 

1437 (m), 1377 (s), 1343 (s), 1310 (s), 1196 

(w), 1150 (w), 1085 (m), 914 (m), 860 (m), 

803 (m), 766 (s), 603 (w), 552 (w), 482 (w), 

420 (w). Elem. Anal. Calc. for 

C20H17FeO6N3Cl (Mw=486.25 g mol-1): C, 

49.35; H, 3.49; N, 8.64%. Found: C, 50. 10; 

H, 3.55; N%, 8.65. UV-vis in DMSO (λmax 

[nm] with ε [M-1cm-1]):  271 (9033), 

311(17433), 396 (10800), 452 (6433). 

Fabrication of modified electrodes  

To produce modified electrodes with Fe 

complexes 1-3, graphite, paraffin, and Fe 

complexes 1-3 with a mass ratio of 80: 5: 15 

were thoroughly mixed and homogenized 

for at least 2 hours. Then the obtained pastes 

were placed in copper wires with a radius of 

1.1 mm. The surface of electrodes was 

washed several times with diluted water and 

completely smoothed before use. To prepare 

the unmodified electrode, paraffin and 

graphite were mixed with a mass ratio of 

20:80 and after homogenization, they were 

placed in a copper wire. All electrochemical 

experiments were carried out in a three-

electrode system containing Ag/AgCl, Pt 

wire, and unmodified or modified carbon 

past electrodes as reference, counter, and 

working electrodes in the presence of 25 mL 

of borate solution (0.5 M, pH=11). 

Results and discussions 

FeIII complexes 1-3 were prepared from the 

reaction of FeCl3.6H2O with salophen type 

ligands, H2L1-H2L3, in the mixture of 

dichloromethane-ethanol solutions at room 

temperature for 4 h (Scheme 1). The 

complexes were studied by FT-IR and UV-

vis spectroscopy, molar conductivity 

measurements, and elemental analysis. In 

addition, electrochemical properties and 

water oxidation activity of the complexes 

were investigated. 
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Scheme 1: The synthetic route of the FeIII salophen complexes 1-3 

Structural characterizations 

Some important FT-IR spectroscopy data of 

the complexes are given in Table 1. In the 

spectra of the complexes, the stretching 

vibration of –C=N- of imine groups appears 

in 1600-1604 cm-1 wavenumbers which 

shifts to the lower frequency compared to 

the free ligands [37]. This may be due to the 

bounding of the nitrogen atoms of imine 

groups of Schiff-base ligands to the FeIII ion 

centers [32, 39]. The appearance of the 

broad peak at 3422-3449 cm-1 region can be 

assigned to the stretching vibration of 

coordinated water molecules. In addition, 

the stretching vibrations of Fe-O and Fe-N 

are observed as weak peaks in the range of 

420-552 cm-1 [40]. UV-vis spectra of 

iron(III) complexes 1-3 are shown in Figure 

1. In the UV-vis spectra of the complexes, 

the absorption bands observed at around 

263-339 nm are attributed to the intra-ligand 

π→π* and n→π* transitions [41]. Changes 

in the intensity and position of n→π* 

transition in the spectra of the complexes 

compared to the free ligands  confirm the 

coordination of nitrogen atoms of imine 

groups to the FeIII ion centers [32]. The 

broad absorption bands around 380-394 nm 

and shoulders at 441-450 nm are attributed 

to the charge transfer from the salophen 

ligand to the FeIII ion center [42-44]. Also, 

the values of molar conductivity of FeIII 

complexes 1-3 (10-3 M in DMSO) are 0.045, 

0.049 and 0.047 cm2 -1mol-1 respectively, 

which indicate their non-electrolyte nature. 

This can be due to the deprotonation of 

salophen ligands when binding to the metal 

ion center [20, 22, 32, 37].  

Table 1: FT-IR data for FeIII complexes 1-3 

Compound )1-cm(), -N C=-( ν )1-cm( O)2(H ν )1-cm( ),2ν (NO )1-cm( Cl),-ν (C )1-cm( Br),-ν (C )1-cm( N)-O),(Fe-ν (Fe 

1 1601 3446 - 857 - 432-547 

2 1601 3449 - - 761 475-545 

3 1604 3422 1343 - - 420-552 
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Figure 1: UV-Vis spectra of FeIII complexes 1-3 in DMSO (3×10-5 M). 

 Electrochemical studies 

Figure 2 shows cyclic voltammograms of 

FeIII complexes 1-3 in DMSO solution 

containing 0.1 M LiClO4 as a supporting 

electrode at room temperature and the scan 

rate of 50 mV s-1. Fe complexes 1-3 display 

one electron reversible oxidation and 

reduction process. In the voltammograms of 

the complexes, the anodic peak at the range 

of -1.28 to -1.32 are assigned to the 

oxidation of Fe(II) to Fe(III), and the 

cathodic peak at the range of -1.42 to -1.46 

V are attributed to the reduction of Fe(III) to 

Fe(II) [32]. It should be noted that the 

anodic peak observed at about -0.65 V and 

the cathodic peak observed at about -0.75 V 

are related to the reversible oxidation and 

reduction of their respective ligands [32, 

37]. Finally, the anodic wave observed at the 

range of 0.52- 0.64 V is related to the 

irreversible oxidation of the salophen 

ligands [32, 37]. The electrochemical data 

are summarized in Table 2. 
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Figure 2: Cyclic voltammograms of FeIII complexes 1-3 in DMSO solution containing 0.1 M LiClO4 as a supporting 

electrolyte at the sweep rate of 50 mV s-1. 

Table 2: Electrochemical data for Fe complexes 1-3 in DMSO solution (10-3 M) 

Compound Epa(V) Epc(V) E1/2/V (∆Ep (mV)) 

Complex 1 -1.28 

-0.650 

0.640 

-1.42 

-0.750 

-1.35 (140) 

-0.70 (100) 
 

Complex 2 -1.30 

-0.68 

0.62 

-1.46 

-0.76 

-1.38 (160) 

-0.720 (80) 

Complex 3 -1.32 

-0.650 

0.52 

-1.43 

-0.74 

-1.375 (110) 

- 0.695 (90) 
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Water oxidation activity 

In this section, water oxidation activity of Fe 

complexes 1-3 was investigated by Linear 

sweep voltammetry (LSV), cyclic 

voltammetry (CV), and chronoamperometry 

(CA) techniques in borate solution (0.5 M, 

pH=11). Figure 3a shows the LSV plots of 

the carbon paste electrode in the absence 

and presence of Fe salophen complexes 1-3 

at the scan rate of 50 mV s-1. As considered, 

bare carbon paste electrode (electrode 

without electrocatalysts) does not show any 

significant activity towards the water 

oxidation reaction. But, when any of the 

complexes are added to the carbon paste 

electrode, the water oxidation performance 

increases considerably. The onset potential 

for the reaction in the presence of the bare 

carbon paste electrode is greater than 1.5 V 

vs. Ag/AgCl at a current density of 10 mA 

cm-2, while this value decreases to 0.98, 1.03 

and 0.84 V in the presence of Fe complexes 

1-3, respectively under the same conditions. 

As can be seen, complex 3 needs the lowest 

onset potential to generate a current density 

of 10 mA cm-2 for water oxidation among all 

tested compounds.  Fe complex 3 needs a 

relatively low overpotential of 485 mV, 

while complexes 1 and 2 needs an 

overpotential value of 625 and 675 mV 

under the same conditions. The 

overpotential values at j of 5, 10, and 20 mA 

cm-2 for all complexes are given in Figure 

3b, which indicates the higher activity of 

complex 3 compared to complexes 1 and 2. 

Cyclic voltammograms of carbon paste 

electrodes in the presence of electrocatalysts 

are shown in Figure 3c, which reveals that 

complex 3 has the best activity for water 

oxidation. Furthermore, all voltammograms 

shows the FeIII/FeII redox couple [45], which 

indicates that the metal ion centers of the 

complexes participate in the reaction as 

active catalytic sites.   To investigate the 

kinetics of the reaction in the presence of 

electrocatalysts, Tafel plots were obtained 

by plotting the potential versus the logarithm 

of the current density (Figure 3d). The slope 

value of these linear plots (Tafel slopes) is 

used to check the kinetics of the reaction, 

and a low Tafel slope indicate desirable 

kinetics. As shown in Figure 3d, Fe complex 

3 has lower Tafel slope (216 mV dec-1) than 

complexes 1 and 2 (227 and 313 mV dec-1), 

and the kinetics of the oxidation of water in 

the presence of this complex is better. The 

better performance of complex 3 was proven 

by calculating the electrochemically active 

surface area (ECSA). ECSA is obtained 

from the equation: Cdl/Cs (Cdl= double layer 

capacitance and Cs=the specific capacitance 

of the electrode). Cdl is obtained from CVs 

performed at different scan rates and a plot 

of j/2 (j=ja-jc) versus scan rates in a non-

faradaic region (Figure 4a-d). Cdl has a 

direct relationship with ECSA, and a large 

Cdl value indicates a large ECSA. Also, the 

higher ECSA, the number of active catalytic 

sites increases, and as a result, the 

electrocatalytic activity of the compound 

improves. As shown in Figure 4d, the Fe 

complex 3 has the largest Cdl value (5.21 mF 

cm-2) compared to the other tested 

complexes (2.24 and 1.04 mF cm-2 for 

complexes 1 and 2, respectively). Therefore, 

compound 3 has more active catalytic sites 



16 

 

and shows higher electrocatalytic activity for water oxidation. 

 

 

Figure 3: The LSV curves of carbon paste electrode in the absence and presence of Fe complexes 1-3 in a borate 

buffer solution (pH=11, 0.5 M) at a scan rate of 50 mV s-1(a), the needed overpotential values at j of 5, 10, and 20 

mA cm-2 for water oxidation in the presence of electrocatalysts (b), CVs of modified electrodes with Fe complexes 

1-3 in a borate buffer solution (pH=11, 0.5 M) at a scan rate of 50 mV s-1(d), and Tafel curves; obtained from CVs at 

a low scan speed of 5 mV s-1 (d). 
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Figure 4: CVs of carbon paste electrodes modified by the Fe complexes 1-3 at different scan rates of 10-100 mV s-1 

in a non-faradaic region (a-c) and Cdl curves (d). 

 

For further investigations, continuous CVs 

were performed in the presence of 

electrocatalyst (see Figure 5). As observed, 

for complexes 2 and 3, the vertex current 

does not change much during successive 80 

cycles, while for complex 1, the peak 

current density increases during the first 20 

cycles and then remains almost constant.   In 

addition, the anodic and cathodic peaks 

related to the oxidation and reduction of the 

metal ion centers in the complex structure 

become more intense with the increase in 

the number of cycles, which indicates that 

with the progress of the reaction, the number 

of FeIII ions participating in the reaction as 

catalytic active sites increases [45]. No color 

change, no solid film formation on the 

electrode surface and no further change in 

the catalytic current density especially in the 

case of complex 3 are evidences that these 

complexes probably act as molecular 

electrocatalysts and their structure during 

the water oxidation reaction does not change 

[19]. Since, the Fe complex 3 had the best 

performance for water oxidation compared 

to the other complexes, the stability and 
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durability of this complex was investigated 

by the chronoamperometry technique at a 

constant potential of 0.8 V for 6 hours. The 

results are shown in Figure 6. As seen, a 

stable current density about 2 mA cm-2 is 

obtained during almost 6 h, which indicated 

the high stability of the complex during the 

reaction. 

 

Figure 5: Continuous CVs for modified electrodes with Fe complexes 1-3 in borate buffer solution (25 ml, 0.5 M, 

and pH=11) at a scan rate of 50 mV s-1. 

 

Figure 6: CA experiment for the modified electrode with complex 3 at a constant potential of   0.8 V for 6 h. 
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Conclusion 

In the present research work, some new 

iron(III) complexes containing salophen 

ligands with different electron withdrawing 

substitutions (chlorine, bromine and nitro 

groups) were produced and characterized by 

conventional techniques.  Then, the 

synthesized complexes were used as 

electrode materials and heterogeneous 

catalysts for electrochemical water oxidation 

in borate buffer solution.  The results 

showed that all modified electrodes have 

high activity for the reaction compared to 

the unmodified electrode, and require 

relatively low overpotential to oxidize water 

in a constant current density. Complex 3 

showed the best activity for water oxidation 

with overpotential values of 295 and 485 

mV at j of 5 and 10 mA cm-2. Calculations 

showed that the ECSA for complex 3 is 

higher than that of complexes 1 and 2, 

indicating its higher active catalytic sites and 

improved water oxidation. This study 

showed that the Fe complexes with salophen 

ligands containing different substituents can 

be used as stable and molecular 

electrocatalysts for water oxidation. 
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