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Abstract—In this work we have tested the Fe(I1I)/(II) redox potential of the catalysts as a reactivity descrip-
tors of iron macrocyclic complexes (FeN4) adsorbed on multi-walled carbon nanotubes (MWCNTs) and
deposited on ordinary pyrolytic graphite (OPG). The reaction examined is the oxidation of glutathione
(GSH) a biologically important molecule. The experiments were conducted in 0.1 M NaOH and Kkinetic
measurements were performed on MWCNT previously modified with FeN4 macrocycle complexes. This
modified FeN4—MWCNTSs were deposited on pristine OPG electrodes. From previous work it is known that
for FeN4 complexes directly adsorbed on OPG, the activity as (logi)g plotted versus the Fe(II)/(I) redox
potential follows a volcano correlation for the oxidation of glutathione. We wanted to test these correlations
on hybrid electrodes containing MWCNTs and essentially the carbon nanotubes have no influence in these
correlations and the redox potentials a are good reactivity descriptors, regardless of the way the FeN4 catalysts
are attached to the electrode. Further, we find volcano correlations when using the Fe(Il)/(I) and the
Fe(IIT)/(II) redox potentials as reactivity descriptors. The volcano correlation when using the Fe(IIT)/(II)
redox potential exhibits a maximum at £° = —0.26 V vs SCE which is close to the potential for comparing the
different activities. This interesting result seems to indicate that the maximum cannot be explained only in
terms of the Sabatier principle where Ogg, the surface coverage of adsorbed intermediate is close to 0.5 but
instead to a surface coverage of active sites O,y equal to 0.5, which occurs at the Fe(I1I)/(I1) formal potential.
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INTRODUCTION

Glutathione (GSH) is an electrochemically reac-
tive biological molecule than can undergo the disul-
fide (GSSG)/thiol (GSH) redox process [1—4]. This
process is very important in biological systems. In liv-
ing systems glutathione exists in both reduced (GSH)
and oxidized (GSSG) states [4]. In the reduced state,
the thiol group of cysteine can donate areducing
equivalent (H*+ e7) to other molecules, such as reac-
tive oxygen species to neutralize them, or to protein
I-cysteines to maintain their reduced forms. When
donating an electron, glutathione itself becomes reac-
tive and readily reacts with another reactive glutathi-
one to form glutathione disulfide (GSSG). Glutathi-

! This paper is dedicated to the 80th anniversary of Professor
V.V. Malev who has made a considerable contribution into mod-
ern directions of electrochemistry.

one is active electrochemically and can be electrooxi-
dized to the corresponding disulfide [4—15]. In
previous work, we have found that MN4 macrocyclic
complexes, when adsorbed or anchored on carbon
surfaces catalyze the oxidation of several thiols,
including glutathione [4, 8—25]. We have established
that the M(II)/(I) redox potential is a reactivity
descriptor for this reaction and the reactivity of these
molecules varies in a non-linear fashion with the
M(II)/(I) redox potential, giving volcano correlations.
These volcano correlations are well known for metal
electrodes but less known for molecular catalysts like
MN4 complexes. In previous work we have found that
for the oxidation of glutathione catalyzed by MN4
macrocyclic complexes adsorbed on ordinary pyro-
lytic graphite [8], the reactivity trends are essentially
the same as those found for the oxidation of other thi-
ols [8—25]. The differences observed are essentially

1136



TESTING REACTIVITY DESCRIPTORS FOR THE ELECTROCATALYTIC ACTIVITY

the position of the maximum of the volcano, which,
according to the Sabatier principle corresponds to an
interaction of the reacting molecule with the active site
that is not too strong, not too weak. The maximum in
the volcano would correspond to a free energy of

adsorption of the reacting molecule AG,, = 0, which
corresponds to a situation where half of the surface is
covered with adsorbed intermediates. On the other
hand, carbon nanotubes have been used by many
authors as interesting platforms to produce hybrid
electrodes that can have applications in electrocataly-
sis and electroanalysis. Some authors have suggested
that carbon nanotubes themselves have catalytic activ-
ity. The latter will depend on the functionalities present
on these nanotubes. In this work we wanted to test the
reactivity descriptors for Fe phthalocyanines (FePcs)
and Fe porphyrins (FePs) attached to the external walls
of CNTs for the oxidation of glutathione.

EXPERIMENTAL
Materials

Multi-walled carbon nanotubes (MWCNTSs) were
acquired from DropSens. Approximate dimensions
are 10 nm (diameter) and 1—-2 um (length) bearing
COOH groups (approx. 5% functionalization).
The iron phthalocyanines (FePcs), Fe perchlori-
nated phthalocyanine (16(Cl)FePc), Fe phthalocya-
nine (FePc) were obtained from Aldrich and used as
provided. Fe tetrasulfonated phthalocyanine
(4B(SO;)FePc) and Fe octakis (hydroxyethylthio)
phthalocyanine (8(SC,H,OH)FePc was synthesized
according to the method described in the literature
[26]. Fe tetranitrophthalocyanine (4B(NO,)FePc)
and Fe tetraaminophthalocyanine (4B(NH,)FePc)
were obtained from Midcentury Chemicals, Posen,
IL. Fe tetraphenyl porphyrin (4(Ph)FeP), Fe octa-
ethyl porphyrin (8(Et)FeP), Fe tetra(4-methoxyphe-
nyl) porphyrin (4(PhOCH;)FeP), Fe (4-sulfona-
tophenyl) porphyrin (4(PhSO5)FeP, Fe tetra(4-pyr-
idyl) porphyrin (4(4-Py)FeP) and Fe tetra(N-methyl-
4-pyridyl) porphyrin chloride 4(4-Py(N-CH;))FeP
were obtained from Aldrich and used as provided.
Electrolytic solutions were prepared from deionized,
bidistilled water, and O, was removed with ultra-pure
N, gas. NaOH was of analytical grade from Merck and
used without further purification. Dimethylforma-
mide was of spectroscopic grade from Aldrich and
used as provided. Reduced glutathione (GSH) was
obtained from Merck. All the other chemicals were of
analytical grade.

Electrochemical Measurements

The working electrode (Pine Instruments) was an
ordinary pyrolytic graphite disk (OPG), with a geo-
metrical area of 0.196 cm? mounted in Teflon. Current
densities for OPG electrodes were estimated using the
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geometric area. For OPG electrodes coated with car-
bon nanotubes, current densities were estimated con-
sidering an increase in the roughness of the electrode
by the presence of the CNTs of 60%. A saturated cal-
omel electrode (SCE) and platinum (99.99% Aldrich
spiral wire exposing an area of 14 cm?) were used as the
reference and auxiliary electrodes, respectively. A
conventional Pyrex glass cell of three compartments
was employed, with the reference electrode compart-
ment connected to the main compartment by a Luggin
capillary. Cyclic voltammogram (CV) and linear sweep
voltammetry (LSV) measurements were conducted on
a BAS CV-100B Voltammetric Analyzer. All measure-
ments were carried out in 0.1 M NaOH at 25 &+ 1°C and
purged with ultra-pure N, gas during 30 min.

Preparation of Modified Electrode
with Fe Phthalocyanines and Fe Porphyrins (FePs)

The OPG electrode was polished before each
experiment with 800 and 1200 grit emery paper and
1 um alumina followed by ultrasonic treatment in
purified water for 2 min. Adsorption of FePcs and
FePs was achieved by placing a drop of a 10~* M solu-
tion of a given complex on the electrode surface.
Dimethylformamide (DMF) was used to prepare all

the complex solutions except for 43(SO;)FePc and

4(PhSO5)FeP which were dissolved in water. To avoid
the formation of precipitates or microcrystals on the
graphite, the electrode was rinsed with the corre-
sponding solvent, and then, the excess of organic sol-
vent was eliminated with ethanol before rinsing with
bidistilled water.

Preparation of Hybrid MWCNT + FePcs
and MWCNT + FePs Electrodes

MWCNTs were dispersed in solutions of either
phthalocyanines or porphyrins (1 mg mL~") by soni-
cation for 30 min. The dispersions were left to rest for
24 h at room temperature. After that, they were filtered
and washed with DMF and ethanol to remove any
excess of complexes that were not adsorbed on the sur-
face of the nanotubes. The solid obtained was allowed
to dry in an oven at 40°C for 24 h. A new suspension
was then obtained from the filtered MWCNT + FePcs
or MWCNT + FePs (1 mg mL~! in DMF) and used
for subsequent modification of the OPG electrode
surface previously polished. The same procedure was

utilized to prepare MWCNT+ 4B(SO;)FePc and
4(PhSOy5)FeP but using bidistilled water.

RESULTS AND DISCUSSION
Figure 1 shows typical cyclic voltammograms for a
series of FeN4 complexes adsorbed on MWCNTs.
Two distinct redox signals are observed. Peak labeled 1
corresponds to the metal centered Fe(I1I)/(I) reversible
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Fig. 1. Cyclic voltammograms of OPG electrodes modified with MWCNT/FePcs (a) and MWCNT/FePs (b) in 0.1 M NaOH

aqueous solution. Scan rate = 0.1 vs L

redox transition occurring on the immobilized FeN4
complexes and peak 2 to the corresponding Fe(III)/(IT)
process. These processes have been characterized in
previous work [8]. Both redox processes shift to more
positive potentials as the electron-withdrawing power

of the ligand increases. By using the same metal and
changing the ligand it is possible to modify the redox
potentials in a wide range of values, since depending
on of electron-withdrawing power of groups located
on the ligand will be possible to shift the redox process.
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Fig. 2. Polarization curves of the oxidation of 5 mM GSH
in 0.1 M NaOH aqueous solution on various hybrid OPG
electrodes modified with (a) MWCNT/FePcs and

(b) MWCNT/FePs. Scan rate = 0.002 Vs~ L.

For example electron with drawings groups located on
the ligand will shift the redox potentials to more posi-
tive values. It is possible then to test the redox potentials
as a reactivity descriptor for the oxidation of glutathione
and for many other reactions [8, 11, 16, 21—-25, 27—38].

Figure 2 shows a series of polarization curves
obtained with a rotating disk OPG electrodes coated
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Fig. 3. Tafel plots for the oxidation of GSH on
MWCNT/FePcs and MWCNT/FePs adsorbed on OPG.
Data obtained from polarization curves in Fig. 2.

with MWCNTs modified with different FeN4 molec-
ular catalysts. It is clear from the figure that the reac-
tivity is dictated by the nature of each FeN, complex.
The OPG/MWCNT electrode without any Fe com-
plexes present on the interface shows very low activity
indicating that this electrode provides no or very lim-
ited active sites for glutathione to adsorb and react.
When comparing Fig. 2a with 2b, Fe phthalocyanines
show much higher activity than Fe porphyrins and this
can be attributed to the fact that in general Fe porphy-
rins exhibit Fe(IIl)/(Il) too negative compared to
those of Fe phthalocyanines. It is important to point
out that Fe(II) is the active site and Fe(III) is inactive
due to the process Fe(II) + OH™ = Fe(III)OH + e.
Even if Fe(I1I) were active GS~ does not seem to com-
pete with OH ™~ so essentially the Fe(I1I) sites are occu-
pied and inactive for glutathione oxidation. So if the for-
mal potential of the Fe(Il) + OH™ &= Fe(llI)OH + ¢
reaction for a given FeN4 complex occurs at potentials
close or more negative than the onset for oxidation of
glutathione, as the potential is scanned to more posi-
tive potentials, for those particular complexes the sur-
face becomes rapidly deprived of Fe(Il) active sites
which could be similar to state that the active sites
become gradually poisoned by OH™ as Fe(II) loses an
electron and goes to Fe(I1I). This analysis is corrobo-
rated by the experimental observation that the
MWCNT/8(Et)FeP catalyst exhibits the most nega-
tive Fe(111)/(1I) redox potential and shows the lowest
activity of all hybrid catalysts (see polarization curves
in Fig. 2 and Tafel plots in Fig. 3). To test this any fur-
ther we have compared the activities of all different
catalysts at constant potential versus the Fe(II)/(I)
redox potential in the volcano correlation of Fig. 4. We
have used the Fe(I1I)/(I) redox process as in homoge-

No. 11 2019



1140 GUTIERREZ-
3 - (a)
88}
O
w4 4B(NH2)FePc
? FePc 4B(NOy)FePe
> 4B(SO3)FePc
o« 4(4-Py(N-CH3))FeP
S 5L
| 16(Cl)FePc
Il
53
= P _4(PhSO§)FcP
~
o 4(PhOCH3)FeP
2 S(Et)FeP
-7 1 1 1 1 1 1 ]
-16 —-14 -12 -10 -0.8 —-06 —-04 -0.2

E° Fe(11)/(1), Vvs. SCE

CERON et al.

-3 (b)
[6a)
Q
“ —4 1 4B(NH)FePc @ /Yy Fepe
2 4B(NOy)FePe '
> : }
it 4(4-Py(N-CH3))FeP /g ! 4SOz FePe
? —Sr ; 16(Cl)FePc
Il '

4(4-Py)FeP '

Eu_. 4(PhSO3)FeP ® '
< —6 | '
~ 4(Ph)FeP '
%D 8(Et)FeP 4(PhOCH3)FeP '
- L ET=-026V

— 1 1 1 :Z 1 J

-10 —-08 —-06 —-04 -—-02 0 0.2

E° Fe(I1T)/(11), Vvs. SCE

Fig. 4. Volcano plots of log j (at £ = —0.3 V vs. SCE) vs. E°'" Fe(ll)/(I) and E°" Fe(Ill)/(1I) of MWCNT/FePcs and
MWCNT/FePs adsorbed on OPG for the oxidation of 5 mM of GSH in 0.1 M NaOH.

neous phase several thiols reduce the Fe(II) to Fe(I)
and this has been corroborated by in situ UV-vis spec-
tra and epr spectroscopy [19, 39, 40].

Proposed ET Mechanism

For the oxidation of glutathione catalyzed by FeN4
complexes adsorbed on OPG/MWCNT, the Tafel
slopes are similar. The kinetic parameters do not
depend on the type of FeN4 complex so a common
mechanism can be proposed for the oxidation of glu-
tathione catalyzed by the different Fe macrocyclics.
GSH corresponds to the protonated glutathione mole-
cule. This mechanism is essentially similar to that
reported before for the oxidation of glutathione catalyzed
by FeN4 complexes directly adsorbed on OPG [8]:

GSH,, + OH™ = GS,,, + H,0, (M
GSpy + [Fe(II) Pc]ads = [RS—Fe(II) Pc]ads +e )
AGadsa
[GS—Fe(II)PC]ads + OH™ 3)
— [Fe(II) Pc]alds + GS.+ H,O + e,
2GS - GSSG  fast. 4)

In our case the pH is higher than the pK, of gluta-
thione (pK, = 8.66, [7]) so equilibrium (1) is practi-
cally shifted to the right. The total concentration of
dissociated glutathione [GS~],, (see Eq. (1)) is then
equal to the total concentration of glutathione in the
electrolyte. The final product of the oxidation process
is the glutathione disulfide (GSSG) and the active site
is the Fe(II) metal center in the complex [8]. The rate
of the reaction can be derived as in a previous manu-
script for the oxidation of cysteamine [27]. One can
assume that the surface concentration of the interme-
diate adduct [Fe(IT)—GS],4 is under steady state condi-
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tions. According to the reactions scheme one can assume
that the chemical order in OH~ of one first and a first
order in the fraction of occupied sites Ogs_pe()):

(%)

The details about this derivation can be found in
previous work [32]. The fraction of Fe centers in the
active state Fe(Il) is given by the Nernst equation
applied to surface confined species, and assuming
ideal behaviour. 0., is the potential-dependent
fraction of catalytic sites in the active state Fe(II):

J= anr (EJAGads)[OH_:' e[RS—Fe(ll)]'

(6)
1

Otreqn) = :
1+ exp(F(E - EuDl + exp(F (E - EmD
I 11

AG,q is the free energy of step (2), k,q, and ky are the
adsorption and desorption rate constants of step 2, and
k, is the rate constant of step 3. 0.5 is equal to unity

exp(F(E_E@j

at Exena < E < Efeqnyan and essentially zero 0.1 V

bellow Eg.yq, and 0.1 V above Eg,u,qp- This has
been graphically demonstrated in [32].

The currents in polarization curves should
decrease rapidly when E'is above the E;’e( 1)/ poten-
tial as the surface concentration of active Fe(I) sites
decreases rapidly due to their oxidation to Fe(III), fol-

lowing Eq. (6). This is experimentally observed for the
several cases studied in Fig. 2, especially Fe porphy-

rins. E2O is the standard equilibrium potential of step 2.
We assume that Eq. (2), the electron transfer step fol-
lows the Butler—Volmer relationship with a symmetry
factor o, and that all processes involving the adsorbed

catalytic intermediate GS depend on AG,4 according
to the Brensted—Polanyi equation with a Brensted
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coefficients ;. It can be assumed that the crossing of
the energy barriers is symmetrical for the matter of
simplicity. It this case the symmetry factor o; and
Bronsted coefficient 3; are all similar. For further sim-
plicity it can be assumed that these coefficients are
equal 0.5 so they can be labeled simply as o and B.

In previous work when studying the catalytic activ-
ity of a series of MN4 macrocyclics for the reduction
of O, a linear correlation exists between AG,y,, the

binding energies of M—O, and Ege(m)/(“) [33]. We can
then assume a linear correlation between the binding
energy of the GS intermediate and the Fe(III)/(II)
—nFEg.;, + C which indi-

cates that a more positive Ese(m) Jary corresponds to a

stronger binding energy of the GS intermediate. A
similar correlation might exists for the Fe(I1)/(1) since
the separation between the Fe(II)/(I) and Fe(1II)/(1I)
potentials is almost constant for the complexes studied
The volcano correlation of Fig. 4b illustrates a plot

E;fe(,”) sany redox potential versus the activities as log i

at constant potential. The currents for both weak and
strong adsorption regions in the volcano correlation
are then given by the following expressions:

redox potential, AG,4 =

(j»)e = nFk,exp (BFE(I“)/(“)/RT) (7)
weak adsorption,

(e = nPexp (1= BFEGuy a [RT)  (5)
strong adsorption.

These equations predict a rather symmetrical vol-
cano correlation if B is equal to 0.5 and to a first
approximation, agrees with the experimental data
shown the volcano correlations of Fig. 4. Deviations
from the symmetry might be attributed to deviations of
B from 0.5.

It is important also to point out that for FeN4 com-
plexes that have very negative Fe(III)/(II) redox
potentials compared to E, the Fe(11I)/(1I) redox cou-
ple also influences the currents by lowering the frac-
tion of catalytically active sites O|g.1))- Orean at £ =FE
can be estimated using Eq. (9).

Since Fe(III) binds OH™ rather strongly, these sites
will be inactive for cysteine oxidation, leading to the
observed inhibition at higher potentials (see Fig. 2).
Essentially activity should be observed to a first

approximation in the potential window E:e(”) mSES

[e] . . .
Erequnan and this agrees with the experimental results
and was well those illustrated graphically in previous
work [37]. The Tafel plots of Fig. 3 provide more infor-
mation about the relative activities of the different
complexes. The least active electrode is the one with-
out any FeN4 complexes. The Tafel slopes are around
0.12 V/decade suggesting that step (2), the first one-
electron transfer step is rate controlling. The activities
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in Fig. 4 are almost 10 times larger than those reported
before for FeN4 complexes directly adsorbed on OPG
[8] but the trends are the same so MWCNTs seem to
only increase the area of the electrode without affect-
ing the intrinsic activity of these complexes.

Finally, it is important to point out that the volcano
correlation in Fig. 4b, when using Fe(I1I)/(II) redox
potential as a descriptor, it exhibits a maximum at
E° = —0.26 V vs. SCE which is close to the electrode
potential used for comparing the different activities.
This interesting result seems to indicate that the max-
imum cannot be explained only in terms of the classi-
cal Sabatier principle where Ogg, the surface coverage
of adsorbed intermediate is hypothetically close to 0.5
but to a surface coverage of active sites Oy, equal to
0.5, which occurs at the Fe(I1I)/(IT) formal potential.
So the falling of the currents when going from right to
left in the volcano correlations could be due to a grad-
ual decrease in O,y and not a gradual occupancy of
active sites by RS, or to both effects combined. More
experiments are required to clarify this point.

CONCLUSIONS

In this manuscript we have tested the metal-cen-
tered-redox potential of FeN4 complexes as reactivity
descriptors for the oxidation of glutathione. We essen-
tially have checked these reactivity trends when the
complexes are deposited on multiwalled carbon nano-
tubes as it has been claimed by some authors that car-
bon nanotubes increase the activity of these complexes
but this is primarily an area effect, unless specific
functionalities are present on the carbon nanotubes
that can act as axial ligands, and these ligands can
modify the catalytic activity of metal complexes in
general. In our case an increase in activity of ca. 10
times is observed by the presence of MWCNTSs but this
effect is practically the same for all FeN4 complexes
and the trends in reactivity do not change by the pres-
ence of MWCNTs. The volcano correlations in Fig. 4
are essentially shifted by one order of magnitude with
respect to the same trends observed for complexes
directly adsorbed on OPG [8] and this is likely to be
only an area effect but the essential features are main-
tained. This observation is very interesting since the
redox potentials are reactivity predictors for these
complexes regardless of the way they are attached to
the electrode surface. These predictors then can be
useful at the moment of designing high area electrodes
containing these complexes for applications in sensors
and electrocatalysis.
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