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a b s t r a c t 

We have studied the electro-oxidation of thioglycolic acid (TGA) catalyzed by iron phthalocyanines and 

iron porphyrins (FeN4 complexes) deposited on ordinary pyrolytic graphite and on multiwalled carbon 

nanotubes. The purpose of this work is to establish both experimental and theoretical reactivity descrip- 

tors of MN4 macrocyclic complexes for electrooxidation of thioglycolic acid (TGA) as an extension of pre- 

vious studies involving other reactions using these types of catalysts. Essentially, the reactivity descriptors 

are all related to the ability of the metal center in the MN4 moiety to coordinate an extra planar ligand 

that corresponds to the reacting molecule. This coordinating ability, represented by the M-TGA binding 

energy can be modulated by tuning the electron-donation ability of the ligand and it is linearly cor- 

related with the Fe(III)/(II) redox potential of the complex. Experimental plots of activity as (log j ) E at 

constant potential versus the Fe(III)/(II) redox potential of the MN4 catalysts give volcano correlations. A 

semi-theoretical plot of catalytic activities (log j ) E vs DFT calculated Fe-TGA binding energies (E bTGA ) is 

consistent with the experimental volcano-type correlations describing both strong and weak binding lin- 

ear correlations of those volcanos. On the other hand, the Hirshfeld population analysis shows a positive 

charge on the Fe center of the FeN4 complexes, indicating that electron transfer occurs from the TGA to 

the Fe center in the FeN4 complexes that act as electron acceptors. The donor (TGA)-acceptor (Fe) inter- 

molecular hardness �ηDA was also used as reactivity descriptor and the reactivity of the Fe centers as 

(log j ) E increase linearly as �ηDA increases. If activity is considered per active site, the trends is exactly 

the opposite, i.e. a plot of (log TOF ) E increases linearly as �ηDA decreases as expected form the Maxi- 

mum Hardness-Principle. A plot of (log TOF ) E versus E °’ Fe(III)/(II) gives a linear correlation indicating that 

the activity per active site increases as the redox potential decreases. 

© 2021 Published by Elsevier Ltd. 
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. Introduction 

Macrocyclic MN4 complexes of transition metals, such as met- 

llophthalocyanines (MPcs) and metalloporphyrins (MPs) possess 

n internal structure involving a central metal coordinated to four 

yrrolic nitrogen atoms, similar to molecules found in nature, such 
∗ Corresponding author. 

E-mail addresses: nrsilva@udd.cl (N. Silva), jose.zagal@usach.cl (J.H. Zagal). 

M

[

c

ttps://doi.org/10.1016/j.electacta.2021.138905 

013-4686/© 2021 Published by Elsevier Ltd. 
s vitamin B 12 , heme-group in hemoglobin, cytochrome c, chloro- 

hyll, etc [1–4] . MN4 complexes can undergo multiple redox pro- 

esses centered on the metal involving minimal reorganization en- 

rgies. As a result, these processes are fast and reversible due to its 

xtended π-electronic system [ 5 , 6 ]. Further, they can act as elec- 

ron transfer mediators in many reactions, especially when these 

N4 molecules are anchored or immobilized on electrode surfaces 

6] . A crucial step in these reactions is the coordination of an in- 

oming reacting molecule to the central metal. This involves the 

https://doi.org/10.1016/j.electacta.2021.138905
http://www.ScienceDirect.com
http://www.elsevier.com/locate/electacta
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ormation of a temporary bond between the metal and the reacting 

olecule and/or intermediates, so the process is essentially inner 

phere in nature. In general, the electrocatalytic activity of MPcs 

nd MPs is then controlled by the binding properties of the ac- 

ive site to the incoming molecule [6] . These properties can then 

e manipulated or controlled by choosing a proper metal or by 

anipulating the electron-donating properties of the ligand us- 

ng different substituents. For electrocatalytic reactions, the bind- 

ng energy of the reacting molecule or intermediates to the ac- 

ive sites on the electrode surface is a well-known reactivity de- 

criptor for metal and alloys but much less studied for molecular 

atalysts such as MN4 complexes [6] . Previous studies conducted 

ith MN4 complexes have indicated that this is the case for the 

eduction of molecular oxygen [6–10] . When comparing a wide va- 

iety of MN4 complexes having Cr, Mn, Fe and Co as central metals, 

heir electrocatalytic activity, plotted as log of the current density 

t constant potential log( j ) E versus the M-O 2 binding energy gives 

 volcano-shaped curve [6–10] . Starting from low binding energies 

og( i ) E increases linearly up to one point and then it decreases for 

igher binding energies. This follows the Sabatier principle that 

tates that the highest heterogeneous catalytic activity of a pro- 

ess is observed when the “adsorption energy” is not too weak not 

oo strong. Another reactivity descriptor for MN4 catalysts is the 

(III)/(II) or/and the M(II)/(I) redox potential, depending on the re- 

ction [ 3 , 6–8 , 11 ]. This agrees with the fact that, at least for the re-

uction of O 2 the M-O 2 binding energy and the E °M(III)/(II) for many 

N4 catalysts are directly correlated. Further, the metal-centered 

edox potentials of MN4 complexes correlate linearly with the en- 

rgy of the frontier orbitals of the complexes. The hardness prin- 

iple, used as the donor-acceptor intermolecular hardness ηDA has 

lso been proposed as a reactivity descriptor for the reduction of 

 2 mediated by MN4 complexes, where ηDA = εD - εA , εD is the 

nergy of the frontier orbital of the donor MN4 and εA is the en- 

rgy of the frontier orbital of the acceptor (O 2 ). It was observed 

hat the activity as (log j ) E increases linearly as ηDA decreases for a 

eries of Co phthalocyanines [ 7 , 12 ]. This concept has been followed

y Schuhmann and Masa [ 9 , 13 ] for Mn porphyrins and by Mukeer-

ee [11] for FePcs and observed the same trends in reactivity. 

For various reactions studied before [6] it is clear that for a 

eries of complexes with the same metal center, it is possible to 

odulate their electrocatalytic activity by substituents of differ- 

nt electron-withdrawing character placed on the peripheral and 

on-peripheral positions of the N4 ligand, which will generate a 

isplacement of the formal potential of the redox pair M(II)/M(I). 

his displacement of the formal potential can be “tuned” so a hy- 

othetical catalyst would appear at the apex of a volcano correla- 

ion. In particular, for the electrocatalytic oxidation of thiols such 

s l-cysteine [ 14 , 15 ], 2-mercaptoethanol [16] , 2-aminoethanethiol 

3] , glutathione [ 17 , 18 ] and in the oxidation of hydrazine [ 19 , 20 ]

or MN4 complexes immobilized on graphite electrodes, volcano 

orrelations have been found. Interestingly, this same trends in re- 

ctivity have also been observed using other immobilization strate- 

ies of these complexes [21] , such as self-assembled monolay- 

rs of thiols (SAMs) on gold substrates [22] , electropolymerization 

23] or covalent and non-covalent incorporation in carbon nan- 

tubes (CNTs) [24–26] . CNTs have been of interest as supporting 

aterials for catalysts because of their special properties as large 

atio of surface area to mass, high electrical conductivity and high 

echanical strength [ 27 , 28 ]. The properties of the CNTs and MN4

omplexes can be coupled generating a synergistic effect. The CNTs 

ncrease the intensity of the signals by an area effect, and improve 

he stability and electrocatalytic activity of the electrode for sev- 

ral reactions of interest, such as, oxidation of thiols [24–26] , re- 

uction of oxygen [ 29 , 30 ] and other molecules [31] and it is in-

eresting to examine the reactivity descriptors of MN4 molecules 

nchored on these carbon nanotubes. Thioglycolic acid (TGA) also 
2 
nown as 2-mercaptoacetic acid (HSCH 2 COOH), is the simplest and 

ndustrially most important mercaptocarboxylic acid [32] . TGA and 

ts derivatives has numerous applications in different areas, high- 

ighting, hair-waving, depilatory products for the cosmetic indus- 

ry, plastic industries and also in the preparation of culture media 

32–34] . Studies on the catalysis of the TGA oxidation reaction have 

ocused mainly on the use of transition metals complexes as oxi- 

izing agents [35–38] , although there are few reports on its elec- 

rocatalytic oxidation and acid determination using potentiometric 

echniques [ 33 , 34 ]. 

In this work, we studied the electrocatalytic activity of a group 

f iron phthalocyanines (FePcs) and porphyrins (FePs) for the oxi- 

ation of TGA. The complexes were adsorbed on two different sub- 

trates: directly on pyrolytic graphite (OPG) or on pristine multi- 

alled carbon nanotubes (MWCNTs) deposited on graphite. Versus 

ts adsorption on pyrolytic graphite (OPG) to obtain a correlation 

etween electrocatalytic activity and the Fe(III)/(II) redox potential. 

Density functional theory (DFT) calculations were performed to 

et more insights about the interaction of substituted iron phthalo- 

yanine and porphyrin catalysts (FePc/FeP) with TGA. DFT calcula- 

ions were used to estimate the TGA binding energies to the metal 

n FePc/FeP catalysts and establish how these energies affect the 

atalytic activity. 

. Methodology 

.1. Materials 

Fe(II) 2,9,16,23-tetra(carboxy)phthalocyanine (4 β(COO 

−)FePc), 

e(II) 1,2,3,4,8,9,10,11,15,16,17,18,22,23,24,25-hexadecacloro- 

9 H ,31 H -phthalocyanine (16(Cl)FePc), Fe(II) 2,9,16,23-tetra(amino) 

hthalocyanine (4 β(NH 2 )FePc), Fe(II) 2,9,16,23-tetra(nitro) phthalo- 

yanine (4 β(NO 2 )FePc), Fe(III) 5,10,15,20-(tetra-4-methoxyphenyl) 

orphyrin chloride (FeTMeOP), Fe(III) 5,10,15,20-(tetra-4- 

yridyl) porphyrin chloride (4(4-py)FeP) and iron(III) 5,10,15,20- 

tetraphenyl)porphyrin chloride (4(ph)FeP) were obtained from 

orphyChem (Dijon,France). The Fe(III) 4,4,4,4-tetrasulfonic acid 

hthalocyanine (4 β(SO 3 
−)FePc) and Fe(II) phthalocyanine (FePc) 

ere obtained from Sigma Aldrich. All the metal complexes were 

sed as provided. 

Pristine multi-walled carbon nanotubes (MWCNT-p) were ac- 

uired from Dropsens (diameter 10 nm, and length of 1-2 μm). 

WCNT-p were purified in 37% HCl solution for 5 days and 

hen refluxed for 5 h, followed by thoroughly washing with wa- 

er and acetone. N,N-dimethylformamide (DMF) (analytical grade). 

Cl, acetone, NaOH and thioglycolic acid ( ≥99.0%) were provided 

y Merck. The solutions were prepared with Milli Q water (Milli- 

ore, Inc.). 

.2. Preparation of hybrid materials between MWCNTs and Fe 

omplexes 

The hybrid materials containing iron phthalocyanine and por- 

hyrin complexes (FeC) and MWCNT-p were obtained using 

ethodologies previously reported [26] . MWCNT-p were dispersed 

n phthalocyanine solutions (1 mg mL −1 ) by sonication for 30 min. 

he suspensions were left to rest for 24 hours at room temperature 

nd were then filtered and washed with the corresponding solvent 

nd ethanol to remove any excess of the complexes. This proce- 

ure was to avoid the formation of complex microcrystals where 

he molecules are not directly attached to the CNT walls. The solid 

as dried in oven at 40 °C for 24 h. Finally, MWCNT/FeN4 suspen- 

ions in DMF (1 mg mL −1 ) were prepared. 
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.3. Preparation of modified electrodes 

Before each experiment, the surface of the OPG electrode was 

echanically polished with 2400 grit emery paper followed by 

ltrasonic treatment in purified water for 2 min and dried un- 

er a nitrogen flow. Electrodes were modified placing a drop (10 

L) of the 1 10 −4 M complex solution or 1 mg mL −1 of the hy-

rid materials. Then, the electrodes were thoroughly washed with 

MF to eliminate any excess of the complex or hybrid materials. 

ll the complex solutions were prepared using DMF, except for 

 β(COO 

−)FePc and 4 β(SO 3 
−)FePc which were dissolved in water. 

.4. Electrochemical measurements 

Cyclic (CV) and linear sweep (LSV) voltammetry experiments 

ere carried with a BAS i-Epsilon electrochemical workstation us- 

ng a conventional three-electrode glass cell. A basal-plane py- 

olytic graphite electrode (OPG), from Pine Research was used as 

he working electrode. A platinum spiral wire of 5 cm 

2 geomet- 

ic area and an Ag/AgCl 3M electrode were used as the auxil- 

ary and reference electrodes respectively. Measurements were car- 

ied out at 25 °C in a 0.1 M NaOH N 2 -saturated solution (pH 13).

yclic voltammetry was used to determine the formal potential 

nd the surface concentration of the different Fe complexes. CV 

urves were obtained under N 2 saturated solutions. Scan rate 0.1 

 s −1 . The surface concentration ( �) of Fe complexes and different 

ybrid MWCTs/Fe complexes on the electrode was estimated from 

he electrical charge ( Q ) estimated from the integration of the area 

nder the CV peaks of the redox peaks of the Fe(III)/(II) redox pro- 

ess using the following equation: � = 

Q 
nF A 

where, n is the num- 

er transferred electrons and for this case equal to one, F Faraday 

onstant and A is the geometric electrode area (0.196 cm 

2 ). Polar- 

zation curves were obtained in N 2 saturated 5 mM TGA solutions 

sing a scan rate 0.005 V s −1 and rotation speed of 800 rpm. 

.5. Computational details 

Density Functional Theory (DFT) calculations were performed 

o investigate the binding energies of substituted iron phthalo- 

yanines and porphyrins (FePc/FeP) to thioglycolic acid (TGA). The 

eometry of the systems was optimized using ORCA 4.0 pro- 

ram [39] with the unrestricted formalism for all open shell sys- 

ems. Perdew–Burke–Ernzerhof (PBE) functional [40] was used 

ith the relativistic effective core potential Stuttgart Dresden basis 

et (SDD) [41] for the Fe atom and the all-electron Ahlrichs polar- 

zed double zeta basis sets (SVP) [42] for H, C, N, O, S and Cl atoms

or the substituted Fe-phthalocyanines/porphyrins and TGA struc- 

ures. This methodology has been reported to provide adequate re- 

ults for the O 2 reduction mediated by FeN4s [43] in good agree- 

ent with more costly DFT methods. The DFT-D3 [44] dispersion 

orrections were used in order to include dispersion force effects 

n energy. Counterpoise corrections were also made for basis set 

uperposition error (BSSE) [45] . All structures were optimized in a 

ater solution described by the conductor-like polarizable contin- 

um model (CPCM) [46] . 

The TGA binding energies ( E bT GA ) for the substituted FeN4 were 

valuated using the following equation: 

 bT GA = E F eN4 −T GA − ( E F eN4 + E T GA ) 

here E F eN4 and E T GA are the energies of the isolated optimized 

tructures of the substituted FePc and FeP complexes and the TGA 

olecule, respectively, and E F eN4 −T GA is the energy of the opti- 

ized structure of the TGA adduct. Therefore, negative values in- 

icate that TGA molecule would be energetically favorable to be 

oordinated (oxidized) by FeN 4 , while positive values indicate that 

GA molecule is not able to oxidize the FeN4. 
3 
For the reactivity study, the electronic distribution on the com- 

lexes was analyzed by Hirshfeld atomic charges [47] using the 

ultiwfn [45] analyzer. The binding nature of the FeN4 have been 

nalyzed using the atoms in molecules (AIM) [48] method. The 

harge on the metal center before and after binding with TGA 

s well as the net charge on TGA molecule in the adduct struc- 

ure was computed. Additionally, the electron density difference 

 �ρ(r)] was obtained to get insights into the electron density dis- 

ribution after the TGA binding adduct. This property was com- 

uted as: 

ρ( r ) = ρF eN4 −T GA ( r ) − ρF eN4 ( r ) − ρT GA ( r ) 

here ρF eN4 −T GA (r) is the electron density of TGA adduct, while 

F eC (r) and ρT GA (r) are the electron densities of the separate FeN4 

nd TGA molecule, respectively. 

. Results and discussion 

The schematic structures of the iron phthalocyanine and iron 

orphyrin complexes and of thioglycolic acid are illustrated in 

ig. 1 . The complexes have different peripheral and non-peripheral 

ubstituents compared to the unsubstituted FePc, with either 

lectron-donating or electron-withdrawing groups which affect di- 

ectly the electron density of the metallic center. Therefore, when 

sing complexes with the same metal center, Fe in this case, it 

s possible to modulate the electrocatalytic activity to obtain the 

aximum activity according to the substituent [ 6-10 , 12 , 14–19 ]. 

Fig. 2 shows cyclic voltammograms of FePc on OPG electrode 

easured in N 2 -saturated 0.1 M NaOH solution. All Fe phthalocya- 

ine CV curves shows two characteristic and reversible redox pro- 

esses centered on the metal center [26] . The first peak at more 

egative potentials has been attributed to the Fe(II)/(I) redox cou- 

le and the second peak to the Fe(III)/(II) redox couple [26] . The 

orphyrins show CV curves that are shifted towards more nega- 

ive potentials as a result of the more electron-donating charac- 

er of the porphyrin ligand compared to the phthalocyanine. The 

e(II)/(I) redox pair does not appear under the working conditions. 

or some reason, the 4(4-py)FeP complex shows very irreversible 

edox peaks which is barely visible in Fig. 2 . A more expanded ver-

ion of that is shown in Fig. S1 shows an anodic peak at -0.664 V

nd a cathodic peak at -0.946V giving an average value for this 

rocess of -0.805 V. Values for all complexes are listed in Table 1 . 

The cyclic voltammograms of the MWCNT/FePc hybrids in Fig. 3 

how similar behavior compared to the data in Fig. 2 , with a con-

iderable increase in the currents with respect to FePc adsorbed 

n OPG, mainly due to the increase in the electrode surface area. 

he presence of MWCNT does not affect the redox processes of the 

ePc complex in a visible way. Table 1 shows the mean values of 

edox potentials of the series of FePc complexes and MWCNT/FePc 

ybrid materials adsorbed on the OPG electrode. MWCNT/4(4- 

y)FeP complex shows more pronounced peaks compared to those 

bserved in the absence of MWCNT anodic (-0.652V) and cathodic 

-0.960V) irreversible peaks centered around. -0.806V. An ampli- 

ed version of those peaks is shown in Fig. S1. 

In Fig. 4 we compare the polarization curves obtained on sev- 

ral FePc/OPG and FePc/MWCNT/OPG hybrid materials for the ox- 

dation of TGA. The response of the OPG and MWCNT/OPG elec- 

rodes without FePc complexes is also shown. All systems show 

 response except for those systems without Fe complexes. None 

f the polarization curves reach a mass transport limiting current, 

ecause the Fe(III)/(II) formal potential is close to that of the maxi- 

um current reached in the polarization curve. The maximum cur- 

ent is then a chemically limited current as the fraction of Fe(II) 

tarts to decrease as the potential becomes more positive. The de- 

rease in the currents at more positive potentials more or less co- 

ncides with the oxidation of Fe(II) centers to Fe(III). The Fe (III) 
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Fig. 1. Structures of the studied Fe complexes (phthalocyanines and porphyrins) bearing different substituents and of thioglycolic acid. 

Table 1 

Electrochemical parameters. E °’ formal potentials, charges ( Q ) and surface coverage ( �) from cyclic voltammograms (0.1M NaOH N 2 -saturated solution. 

Scan rate: 0.1 V s −1 ), onset from polarization curves of the electro-oxidation of 5 mM TGA; Tafel slope 5 mM TGA in 0.1 M NaOH N 2 -saturated solution. 

OPG/MN4 OPG/MWCNT/MN4 

MN4 E °’(III/II)/V Q/C cm 

−2 �/mol cm 

−2 Onset b/V dec-1 E °’ (III/II)/V Q/C cm 

−2 �/mol cm 

−2 Onset b/V dec-1 

FePc -0.129 4,888E-05 5,066E-10 -0.443 0.078 -0.133 1,582E-04 1,640E-09 -0.326 0.073 

4 β(NH 2 )FePc -0.187 8,348E-05 8,652E-10 -0.399 0.075 -0.184 3,720E-05 3,856E-10 -0.355 0.066 

4 β(SO 3 
−)FePc -0.081 4,578E-05 4,745E-10 -0.403 0.089 -0.082 1,695E-04 1,757E-09 -0.371 0.075 

4 β(COO 

−)FePc -0.089 7,681E-05 7,961E-10 -0.458 0.084 -0.102 1,047E-04 1,085E-09 -0.317 0.079 

4 β(NO 2 )FePc -0.215 1,199E-04 1,243E-09 -0.446 0.074 -0.187 1,703E-04 1,765E-09 -0.364 0.063 

16(Cl)FePc -0.016 7,512E-05 7,786E-10 -0.396 0.119 -0.042 8,989E-05 9,317E-10 -0.363 0.069 

4(4-py)FeP -0.805 9,623E-05 9,974E-10 -0.110 0.289 -0.806 6,741E-04 6,987E-09 -0.356 0.155 

4(ph)FeP -0.590 5,517E-05 5,718E-10 -0.016 0.258 -0.635 7,235E-04 7,499E-09 -0.321 0.172 

Fig. 2. Cyclic voltammograms of OPG electrode modified with (a) FePcs and FePs 

complexes. N 2 -saturated 0.1 M NaOH solution. Scan rate: 0.1 V s −1 . 

s

s

e

t

Fig. 3. Cyclic voltammograms of OPG electrode modified with MWCNT/FePcs and 

MWCNT/FePs. N 2 -saturated 0.1M NaOH solution. Scan rate: 0.1 V s −1 . 

c

S

o

e

tate has no catalytic activity because the sites are blocked by OH 

−

trongly coordinated to the Fe (III) centers [24–26] . Fe porphyrins 

xhibit very low activity as they are predominantly in the inac- 

ive state Fe(III)OH. They only exhibit a foot of a wave that oc- 
4 
urs at potentials close to the oxygen evolution reaction (OER).. 

ince porphyrins exhibit poor catalytic activity for the oxidation 

f TGA and require high overpotentials it is possible that oxygen 

volution occurs in the potential range 0.4- 0.6 V [49] . In order 
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Fig. 4. Polarization curves obtained from oxidation of TGA 5 mM in NaOH 0.1 M on OPG electrode modified with (a) FePcs and FePs complexes; and (b) MWCNT/FePcs and 

MWCNT/FePs. N 2 -saturated solution; Scan rate: 0.005 V s −1 , rotation rate: 1600 rpm. 

Fig. 5. Tafel slopes obtained from polarization curves for oxidation of TGA 5 mM in NaOH 0.1 M on OPG electrodes modified with (a) FePcs and FePs complexes and (b) 

MWCNT/FePcs and MWCNT/FePs. 
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o check if dithioglycolic acid is indeed formed at potentials be- 

ond the foot of the wave of TGA oxidation in Fig. 4 a series of

ontrolled-potential electrolysis experiments were conducted with 

.005 M TGA solutions in 0.1 M NaOH, using the same working 

lectrode employed for all experiments i.e.: (MWCNT/4(4py)FeP) 

n order to have exactly the same working conditions. We did not 

est 4(ph)FeP which is more active. The potential was set at 0.45 

, details are given in the Supporting Information. The electrode 

as found to lose some activity over the time involved in the ex- 

eriment (ca. 20 h) with a loss of activity of ca. 30-40% over the 

eriod of the electrolysis. Both unreacted TGA and dithiodiglycolic 

cid (DTDGA) were separated using analytical paper chromatogra- 

hy (phenol + water as eluent) and compared with authentic sam- 

les of TGA and DTDGA. UPLC chromatogratography was also used 

o detect the presence of DTDGA. This product was found to be 

he main product of the reaction (see Fig. S7) but the formation of 

 2 via a parallel route cannot be discarded, especially for 4(ph)FeP 

hich was not tested for product formation but since it more ac- 

ive, probably forms less O 2 than 4(4py)FeP. 

Fig. 5 shows Tafel plots obtained from the low overpotential 

inetic-controlled current region of Fig. 4 . Two linear regions are 

bserved, one corresponding to the FePcs with values of ~ 0.060 

 dec −1 and the other for the FePs, with values > 0.20 V dec −1 

 Table 1 ), suggesting that there are two different ET mechanisms 

or TGA electro-oxidation. The low catalytic activity of FePcs can 

e attributed to the fact that these complexes have a very negative 

e(III)/(II) redox pair. Therefore, at the potential where oxidation 
5 
urrents are observed, most of the molecules are in the inactive Fe 

(III)OH 

−] ad state so the Fe(II) surface concentration is rather low. 

he high Tafel slopes, well above 0.12 V dec −1 are observed for 

e porphyrins where the surface is covered mostly with Fe(III)OH 

pecies. It is possible that the strongly adsorbed OH 

− ion induce 

ome inhibition of the process. This has also been observed for the 

xidation of formic acid on Pd where adsorbed phosphate anion 

nhibits the process and the Tafel slopes are as high as 0.500 V 

ec −1 [50] . It is interesting to note that these high slopes are also 

bserved for FePcs for the second oxidation wave after the first 

ave for TGA oxidation. At the potentials of the second wave the 

ePcs are predominantly as Fe(III)OH, see Fig. S4 and Table S4 so 

hey behave like Fe porphyrins. 

Fig. 6 shows plots of (log j ) E at a constant potential (-0.3 

) versus the formal potential of the Fe(III)/(II) redox couple of 

ach catalyst. Both correlations have the typical volcano shape 

hat correlates the activity of the metal essentially with the abil- 

ty of the central metal to donate or accept electrons [ 6 , 11 , 18–

1 , 26 , 27 ]. One of the legs of the volcano includes only FePcs and

he other only FePs. This illustrates that it is possible to “tune”

he formal potential of the catalyst, manipulating its chemical 

tructure to obtain maximum electrocatalytic activity for the re- 

ction under study and indeed for many other reactions [ 2 , 6–

 , 11 , 12 , 16 , 18 , 19 , 22 , 25 , 26 , 29 , 33 , 51 ]. In this case this is observed

hen working at a potential of -0.3 V and it is expected that the 

omplexes with the highest activity are those that at that particu- 

ar potential the Fe (II) active species adsorbed on the surface pre- 
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Fig. 6. Log j (E = -0.3 V) versus the formal potential E °Fe(III)/(II) of the catalyst for the electro-oxidation of TGA using OPG electrodes modified with (a) FePcs and FePs 

complexes; (b) with MWCNT/FePcs and MWCNT/FePs. 
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Fig. 7. Log TOF versus formal potential E ° Fe(III)/Fe(II) of the catalyst for the electro- 

oxidation of TGA using OPG electrodes modified with (a) FePcs y FePs complexes; 

(b) with MWCNT/FePcs and MWCNT/FePs. 

a

c

n

r

s

s

g

s  

i

t

i

c

c

c

t

θ

θ

ominate, which is the case for the FePcs. The potential of -0.3 V 

as chosen as to avoid too much extrapolation of the currents ob- 

erved for the more active catalysts. FePs present Fe(III)/(II) redox 

otentials that are well below -0.3 V and the surface concentration 

f Fe(II) active sites is very small at that particular potential. The 

ed line indicates the potential of the electrode to emphasize that 

omplexes located to the left of the red lines are predominantly 

s Fe(III)OH. We have discussed in detail this issue for cysteamine 

xidation reaction [25] catalyzed by the same complexes and the 

esponse correlates with a semi-quantitative modeling of the ex- 

erimental observations. 

The slope of the left-hand side of the volcano in Fig. 6 (a), that

roups the Fe porphyrins is + 0.134 V dec −1 whereas the line that 

roups the Fe phthalocyanines is -0.223 V dec −1 . For the data in- 

olving MWCNTs/ FeN4 ( Fig. 6 (b)) the corresponding slopes are 

 0.103 V dec −1 and -0.069 V dec −1 . It is important to point out

hat two or three data points on one side of the volcano is insuffi- 

ient to draw a straight line and estimate a slope. It is also possible

hat those currents are contaminated with contributions from the 

xygen evolution reaction that takes place at the high positive po- 

entials where TGA oxidation was tested. The value of the slope 

s then a rough estimation, or better, shows a trend. Further, to 

raw a line on the left side of the volcano we are assuming that 

he volcano correlation is almost symmetrical. We will discuss fur- 

her down the theoretical interpretation of these slopes, but we 

an state that the values of the slopes are close to + /- 0.118 V

ec −1 or 2.303x RT/ βF ( β~ 0.5) at T = 25 °C are rough estimations,

specially for the FePcs. 

The data in Fig. 6 clearly indicates that the E °’ M 

+ /(n-1) + formal 

otential of the catalyst is a reactivity descriptor for this particular 

eaction as observed for many reactions [ 3 , 6 , 7 , 9 , 13–20 , 23–25 , 30 ].

ecently, attention has been focused on two reactivity descriptors, 

he active metal site density ( SD [ mo l site c m 

−2 ] , and the catalytic 

urn-over frequency ( T OF [ s −1 ] or [ elect ron sit e −1 s −1 ] ), that is the

lectrons transferred per active site per second [52] . Increasing the 

alue of one, or both of these descriptors, in fact leads to the syn- 

hesis of intrinsically highly active electrocatalysts. A rather simple 

ay of comparing the catalytic activity of different catalysts with 

ata like the one illustrated in Fig. 7 is simply as: TOF = j /( Q effect )

n electron s −1 at a given potential, where j is the current density 

n A cm 

−2 (or C cm 

−2 s −1 ) and Q is the effective electrical charge

n C cm 

−2 . Q can be obtained from the average charge under each 

edox peak. Q effect is the effective electrical charge that can be 

ttributed only to Fe(II) active sites available for the reaction at 
6 
 given potential, no bulk FeN4 complexes or Fe(III) sites. In our 

ase we have little or no bulk catalysts as the FeN4 complexes are 

early monolayers since the modified electrodes were thoroughly 

insed with the solvent to remove any excess of complex from the 

urface. Another consideration is Q effec = θ Fe(II) Q . The fraction of 

urface concentration of Fe sites in the Fe(II) active state θ Fe(II) at a 

iven potential can be calculated using the Nernst equation for ad- 

orbed species exhibiting an EE processes [ 8 , 25 , 53 ] and assuming

deal behavior. Since the catalytic currents are observed at poten- 

ials much more positive than E °II/I , i.e. E >> E °II/I the first term 

s practically unity. It is important to point out again that if the 

urrents measured with Fe porphyrins are contaminated with OER 

urrents the TOFs for Fe porphyrins should be lower since the true 

urrents for TGA oxidation are less than those used for calculating 

he TOF values. 

F e ( II ) = 

exp 

(
F 
(
E − E 0 I I /I 

)
/RT 

)
[
1 + exp 

(
F 
(
E − E 0 

I I /I 

)
/RT 

)] 1 [
1 + exp 

(
F 
(
E − E 0 

I I I /I I 

)
/RT 

)]

(1.1) 

So for E >> E °II/I 

F e ( II ) ∼ 1 [
1 + exp 

(
F 
(
E − E 0 

I I I /I I 

)
/RT 

)] (1.2) 
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Fig. 8. Hypothetical potential dependence of the surface coverage θ Fe(II) using the 

Nernst equation as eq.(1) (red line) assuming E °’ Fe(II)/(I) = - 0.6 V and E °’ 
Fe(III)/(II) = -0.1 V and illustrated with a cyclic voltammogram profile. 
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Fig. 9. FePc-TGA and FeP-TGA systems: “standing” TGA on phthalocyanine and “ly- 

ing” TGA conformation on porphyrin. 
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This expression carries the assumption that the adsorbed 

pecies behave ideally and this is possible since the Fe centers on 

he adsorbed or anchored FeN4 complexes will be separated by 

istances comparable to the diameter of the porphyrin or phthalo- 

yanine molecule. 

Fig. 8 illustrates how θ Fe(II) varies with potential according to 

quation (1) and the hypothetical oxidation current for TGA. The 

urve describing θ Fe(II) reaches the value 0.5 at E = E °’Fe(II)/(I) and 

 = E °’Fe(III)/(II) so any catalyst should be active in the potential 

indow where Fe(II) predominates. It is clear from Fig. 8 that the 

ctivity should decrease if the potential of the electrode becomes 

ore positive than E °’Fe(III)/(II) as the Fe center evolves to the 

nactive Fe(III)OH as observed experimentally in Fig. 4 . This indi- 

ates a de-activation/inhibition step as discussed by Limoges and 

avèant for the reversible deactivation of enzymes [54] . 

Fig. 7 clearly demonstrates that the reactivity per active site 

as TOF ) increases as the Fe(III)/(II) formal potential decreases and 

rovides a linear correlation of slope -0.25 V dec −1 and resem- 

les one linear region of the volcano correlation that groups the 

ePcs in Fig. 6 . From the practical point of view for this particular

eaction the high TOF values do not imply high catalytic activity 

ince the surface density of active Fe(II) sites ( SD [ mo l site c m 

−2 ] 

s very low for those catalysts exhibiting high TOF values, so the 

otal, experimental activity as a current density is low, as shown 

n the volcano correlation of Fig. 6 . It is surprising however that 

he reactivity per active site increases when the redox potential 

ecomes more negative. One would expect that the most oxidiz- 

ng complexes, i.e. those with more positive Fe(III)/(II) formal po- 

entials would be more active as the formal potential contribute to 

he driving force of the reaction. This is in contrast to the reactivity 

rends observed for ORR on MN4 catalysts where the reactivity per 

ctive site increases as the driving force of the catalysts increases, 

hat is, activity increases as E °’M(III)/(II) becomes for negative [8] . 

To better understand the role of the substituents on iron ph- 

halocyanine and porphyrin complexes and their effect on the cat- 

lytic activities for TGA electro-oxidation, we performed DFT calcu- 

ations analyzing their electronic properties. We found two stable 

onformations for the TGA binding on the substituted FePc and FeP 

omplexes; “standing” and “lying” TGA on phthalocyanine and por- 

hyrin catalyst, respectively as illustrated in Fig. 9 . 

For the “standing” conformation, the TGA molecule presents the 

COO 

− group of the TGA structure away from the phthalocyanine 

urface and the S atom is placed on top of Fe atom at 2.16 A.

hile, the “lying” conformation shows the TGA molecule with the 

COO 

− group directed toward the porphyrin surface, and the S 

tom is placed at 2.35 A of the Fe atom. Both conformations, also 

ere found as the most stable conformations for the substituted 
7 
ePc complexes, while for FeP complexes, the “lying” conformation 

as preferred ( Fig. 10 ). 

TGA binding energies ( E bT GA ) for the substituted FeC, the 

harges of the metal center (Fe) before (complex) and after 

adduct) binding with TGA and the Fe-S distances for each catalyst 

re listed in Table 2 . Firstly, the interaction of the TGA molecule 

or the “standing” and “lying” conformations are binding onto cat- 

lysts at distances of ~2.16 and ~2.36 A on average in all the cases 

or “standing” and “lying” conformations. The latter indicates that 

he “standing” conformation is favored, suggesting that there is no 

nteraction of the catalyst surface with the COO 

− group of the TGA 

olecule, a spatial arrangement that seems to allow a greater sta- 

ilization of the adduct. However, according to results given by 

inding energies, for both conformations all values are negative, 

hich means that the binding (oxidation) is favorable. In addition, 

he most negative binding energies belongs to the phthalocyanine 

amily specifically to the “standing” conformation, hence this con- 

ormation has been identified as the most energetically stable ge- 

metry. It should also be noted that the electron-withdrawing sub- 

tituents presents the most negative binding energies resulted in 

ncreased of the experimental catalytic activities as shown the vol- 

ano correlation in Fig. 11 , which appears in the strong binding 

ide (left). On the weak binding side (right) appears the phthalo- 

yanine functionalized by NH 2 group (electron-donating) and the 

unctionalized porphyrins, consistently displayed lower catalytic 

ctivities. These results clearly indicate that the introduction of 

lectron-withdrawing substituents on FePc facilitates the oxidation 

rocess. 

Since comparing electrocatalytic activities of the different FeN4 

atalysts using two reactivity descriptors namely the E °’ Fe(III)/(II) 

ormal potentials and the Fe-TGA binding energies both exhibit vol- 

ano correlations ( Figs. 6 and 11 ) it is interesting then to com- 

are the formal potentials E °’ Fe(III)/(II) formal potentials versus 

he FeN4-TGA binding energies. This is illustrated in Fig. S5 and in 

pite of the dispersion of the data, there is a clear trend where 

igher binding energies (more negative) mean more positive redox 

otentials. It has been shown in previous work for the reduction of 

 2 on a great variety of MN4 catalysts involving Cr, Mn, Fe and Co 

s metal centers that the correlation between M-O 2 binding ener- 

ies and E °’ M(III)/(II) formal potentials is essentially linear [8] . Our 

esults and those reported previously [8] indicate that these two 
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Fig. 10. “standing” and “lying” TGA conformations on substituted FePc and FeP complexes. 

Table 2 

TGA binding energies, charges of the metal center (Fe) before (complex) and after 

(adduct) binding with TGA and the Fe-S distances for each catalyst. 

System E bTGA (eV) Q Fe(complex) (|e|) Q Fe(adduct) (|e|) d Fe-S(adduct) (A) 

Phthalocyanines 

FePc -2.174 0.178 0.297 2.16 

16(Cl)FePc -2.473 0.210 0.154 2.35 

4 β(COO 

−)FePc -2.338 0.177 0.162 2.16 

4 β(NH 2 )FePc -1.706 0.102 0.118 2.36 

4 β(NO 2 )FePc -2.704 0.179 0.215 2.17 

4 β(SO 3 
−)FePc -2.506 0.181 0.126 2.16 

Porphyrins 

4(ph)FeP -1.738 0.136 0.188 2.34 

4(4-py)Fep -1.988 0.147 0.196 2.35 

Fig. 11. Volcano correlation for TGA oxidation. Catalytic activities (Log j ) OPG/FeN4 

on axis Y vs DFT TGA binding energies (E bTGA )/eV on axis X for Fe-phthalocyanines 

and porphyrins catalysts. 
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eactivity descriptors are directly correlated and it is likely that this 

s true for many reactions. 
8 
On the other hand, Hirshfeld population analysis shows the 

ositive charge on Fe center in the complex is smaller than that 

n the adduct (see Table 2 ), which indicates electron transfer den- 

ity from the TGA molecule to the phthalocyanine and porphyrin 

omplex. These results support the point of view that the catalysts 

ct as an electron acceptor. In this context, the highest occupied 

olecular orbital (HOMO) and lowest unoccupied molecular orbital 

LUMO) are associated to both TGA and FePc/FeP molecules and 

an be combined to form the orbitals of the adducts. The donor–

cceptor hardness [55] (supporting information, Table S2) was cal- 

ulated in order to quantify the affinity between the donor (TGA) 

nd the acceptor (FePc/FeP catalysts) species. Small values of �ηDA 

ndicate a small energy gap. 

It can be noted that the adducts with “standing” conforma- 

ion (FePc, 4 β-(COO 

−)FePc, 4 β-(NO 2 )FePc and 4 β-(SO 3 )FePc) have 

he higher �ηDA values and higher catalytic activities and binding 

nergies toward TGA. Also note that �ηDA values are higher for 

he phthalocyanines family than porphyrins. Besides, the electron- 

ithdrawing substituents on FePc induce smaller values of �ηDA 

n agreement with the volcano correlation ( Fig. 11 ). This was con- 

rmed by plotting the electron density difference (see Fig. S3). as- 

ociated to the adducts. In this regard, electron density difference 

eveals the charge density distributions in the adduct systems by 
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Fig. 12. Diagram of the energy gaps (donor-acceptor intermolecular hardness 2 �η

DA ) of the frontier orbitals of TGA (HOMO) and of the different FeN4 complexes 

(SOMO). Molecular orbital profiles taken from [7] . 

Fig. 13. Correlation between catalytic activity as (log j ) E versus the donor-acceptor 

intermolecular hardness for TGA oxidation activated by FeN4 complexes. 
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Fig. 14. Correlation between catalytic activity as (log TOF ) E versus the donor- 

acceptor intermolecular hardness for TGA oxidation activated by FeN4 complexes. 
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eans of the negative (sky blue color) and positive (yellow color) 

harge excesses. In the TGA molecule and the Fe atom the negative 

harge is localized, while the positive charge is mainly located in 

he ligands. Therefore, the TGA binding activates the Fe atom, both 

lectrostatically interact with the electron deficient atoms of the 

igands, increasing the adducts stabilities depending of the nature 

f the functionalized group for the phthalocyanine and porphyrin 

amilies. Q Fe charges in the adduct for the phthalocyanine family 

ppear to be of the order of FePc > 4 β(NO 2 )FePc > 4 β(COO 

−)FePc

 16(Cl)FePc > 4 β(SO 3 )FePc > 4 β(NH 2 )FePc (see Table 2 ), which is

trongly correlated with the volcano. This again suggests that the 

ature of the electron-donating and electron-withdrawing groups 

lays a very important role in terms of electrostatic interactions on 

he catalytic activity of the phthalocyanine. Presumably, electron- 

ithdrawing groups remotely activate the metallic center, decreas- 

ng the electron density on the Fe atom, which improve the oxi- 

ization of the Fe and increases the catalytic activity. 

Fig. 12 shows a diagram of the energies frontier orbitals of 

he donor (TGA) and the acceptor (FeN4 complexes). The hardness 

ηDA is one half the energy gap between the orbitals of the donor 

nd of the acceptor. According to the principle of minimum hard- 

ess, the highest reactivity should be observed for the FeN4 com- 

lex having the highest SOMO nergy and closer to the HOMO of 

GA, i.e. for 4(ph)FeP. Fig. 13 compares the activity as (log j ) E ver-

us �ηDA for the whole series of FeN4 complexes and the trend in 

eactivity is the opposite to that predicted by the minimum molec- 
9 
lar hardness principle. For example 4(ph)FeP exhibit one of the 

owest reactivities even though the value of �ηDA is the lowest. 

owever, as explained before FePs at the potential at which elec- 

rical currents were measured the FePs are predominantly in the 

nactive state Fe(III)OH. If we compare the activities as TOF values 

hich is the activity per active sites (see Fig. 14 , Fe porphyrins ex- 

ibit the higher TOF values. So the activity per active site is higher 

or complexes exhibiting low �ηDA values, as expected from the 

rinciple of Lowest Hardness. Finally there is a direct correlation 

etween Fe(III)/(II) redox potential and the energy of the SOMO 

rbital of FeN4 and also versus the �ηDA values as illustrated in 

ig. S6. 

We can propose two possible simple reaction schemes for the 

atalyst dependence of the rate of TGA oxidation assuming the 

ollowing mechanism, in which RSH represents TGA, to explicitly 

how the reactivity of the sulfur atom in TGA. This scheme as- 

umes that the Fe(II) is active, not Fe(III) based on the experi- 

ental evidence that at potentials where Fe(III) predominates the 

ctivity decrease dramatically as illustrated in Figs. 4 and 8 . We 

an propose two reactions mechanisms; the first involves the non- 

oncerted bond formation and electron transfer, where ET occurs 

n a rate determining step occurring after bond formation between 

he Fe center and the sulfur atom: 

Since experiments were conducted at pH 13, this value is above 

he pK = 9.3 of the -SH group in TGA, so all molecules are deproto-

ated: HSCH 2 CO 2 H (aq) + OH 

− � HSCH 2 CO 2 
−

(aq) + H 2 O (pK = 3.83)

nd HSCH 2 CO 2 
−

(aq) + OH 

− � SCH 2 CO 2 
= 

(aq) + H 2 O pK = 9.3 . 

For simplicity we will label SCH 2 CO 2 
= 

(aq) simply as RS = (aq) 

Mechanism I: Non-concerted stepwise ET 

RSH 

−
(aq) + OH 

−
(aq) � RS = (aq) + H 2 O (i) 

[Fe(I)N 4 ] 
−

ads � [Fe(II)N 4 ] ads + e (ii) 

RS = (aq) + [Fe(II)N 4 ] ads � [Fe(I)N 4 -RS] = ads bond formation (iii) 

[Fe(I)N 4 -RS] = ads → [Fe(II)N 4 ] ads + RS −. 
(aq) + e − rds (iv) 

2 RS −. 
(aq) → RSSR = (aq) (v) 

where RSSR 

= 
(aq) = 

−CO 2 CH 2 S-SCH 2 CO 2 
−

Mechanims II : Concerted ET and bond forming mechanism 

RSH 

−
(aq) + OH 

−
(aq) � RS = (aq) + H 2 O (i) 

[Fe(I)N 4 ] 
−

ads � [Fe(II)N 4 ] ads + e (ii) 

RS = (aq) + [Fe(II)N 4 ] ads � [Fe(II)N 4 -RS −] ads + e − rds (vi) 

[Fe(II)N 4 -RS −] ads � [Fe(II)N 4 ] ads + RS −. 
(aq) (v) 

2 RS −. 
(aq) → RSSR = (aq) (vi) 

Finally, Fig. 15 illustrates in a qualitative way the difference be- 

ween the two possible mechanisms for TGA electroxidation. The 
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Fig. 15. Comparative qualitative diagram of the two possible mechanisms of ET discussed, (a) stepwise bond formation and then ET (b) concerted bond forming and ET. The 

free energies are arbitrary and used only for illustration purposes. 
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quations proposed for the mechanisms explained better the step- 

ise ET mechanism versus the concerted ET bond formation mech- 

nism as the latter does not explain one of the slopes of the vol- 

ano correlations. The Tafel slopes predicted for both mechanisms 

eem to agree with the experimental data. However, for discrim- 

nating between these two mechanims it is necessary to collect 

ore data points investigating a greater number of complexes in 

rder to have more accurate estimation of the Brönsted slopes 

rom volcano correlations especially on the side of the correlation 

f the Fe porphyrins that exhibit currents in the potential region of 

ER. It is likely that the mechanism of this process is more com- 

lex than described here. We have provided are rather simplistic 

iew of the possible reaction pathways for the reaction and fur- 

her studies are necessary to have a more complete view of the 

eaction, especially to have more complete volcano correlations. 

. Conclusions 

The purpose of this work was to map several reactivity de- 

criptors for macrocyclic FeN4 complexes for the electrooxidation 

f TGA. We have studied a series of FeN4 macrocyclic complexes 

mmobilized on pyrolytic graphite and on the outer walls of multi- 

alled carbon nanotubes, MWCNTs. We examined 4 reactivity de- 

criptors namely the Fe-TGA binding energy, the Fe(III)/(II) formal 

otential of the complexes, the turn over frequency ( TOF ) and the 

onor-acceptor intermolecular hardness: Experimental plots of ac- 

ivity as (log j ) E at constant potential versus the Fe-TGA binding 

nergy and the Fe(III)/(II) redox potential give volcano correlations 

or both the complexes anchored on OPG or on the external walls 

f MWCNTs. The activity as (log j ) E increases with the intermolecu- 

ar hardness but the TOFs exhibit the opposite trends, i.e. decrease 

ith �ηDA as expected from the Principle of Minimum Hardness. 

e find linear correlations between the binding energies and the 

e(III)/(II) redox potentials. The redox potentials correlate linearly 

ith the intermolecular hardness and with the energy of the fron- 

ier orbitals of the FeN4 complexes indicating that all reactivity de- 

criptors are related to each other. Fe porphyrins exhibit very low 

ctivity and require high overpotentials for the reaction to proceed. 

t is possible that the OER reaction occurs via a parallel pathway 

n Fe porphyrins. This an issue that needs to be clarified in future 

ork. To avoid OER Fe porphyrins with more positive redox poten- 

ials need to be tested and fill the gap in the volcano and other 

orrelations between porphyrins and phthalocyanines. 

DFT calculations were carried out in order to understand the 

ole of substituents in the catalytic activity of Fe phthalocyanines 

nd porphyrins, finding that there are two stable conformations of 

he TGA molecule where oxidation is favored, called “standing” and 

lying”, between this molecule and COO 

− groups, respectively. 

A semi-theoretical plot of catalytic activities (log j ) E vs DFT cal- 

ulated TGA binding energies (E ), are consistent with the ex- 
bTGA 

10 
erimental volcano-type correlations, where in the strong binding 

ide are the electron-acceptor substituents and in the weak side 

he electron-donors. On the other hand, the Hirshfeld population 

nalysis shows a positive charge on the Fe center of the FeN4 com- 

lex, indicating that the electron transfer occurs from TGA to the 

hthalocyanine or porphyrin complexes, which act as the electron 

cceptors. 

We have proposed two possible mechanisms for the oxidation 

f TGA: (i) a stepwise and then electron transfer where Fe-S bond 

ormation and the rate determining ET step occur in two different 

onsecutive steps and (ii) a concerted mechanism where Fe-S bond 

ormation and rate determining ET occur in the same step. 
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