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Non-linear correlations between formal potential and Hammett
parameters of substituted iron phthalocyanines and catalytic
activity for the electro-oxidation of hydrazine
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Abstract The activity of the different iron phthalocya-
nines was examined using the complexes adsorbed on
graphite electrodes. The effect of the Fe(II)/(I) formal
potential of iron phthalocyanines on the their catalytic
activity for the electro-oxidation of hydrazine was
investigated. A plot of log k (rate constant at constant
potential) versus the Fe(II)/(I) formal potential gives a
volcano curve. The rate of the reaction increases with the
driving force of the catalyst (measured as its formal
potential) and then decreases for higher driving forces. A
similar graph is obtained with a plot of log k versus the
sum of the Hammett parameters of the substituents on
the periphery of the phthalocyanine ligand. A maximum
activity is obtained for a complexes having an M(II)/(I)
redox potential close to )0.6 V which agrees with pre-
vious studies conducted with phthalocyanines of differ-
ent metals and with cobalt phthalocyanines bearing
different substituents.

Keywords Hydrazine oxidation Æ Iron phthalocyanines Æ
Electrocatalysis Æ Volcano plots Æ Hammett parameters

Introduction

Hydrazine and derivatives have applications as corro-
sion inhibitors, antioxidants, reducing agents, emulsifi-
ers, herbicides, plant-growth regulators, explosives,

rocket propellants and in fuel cells [1, 2]. The overpo-
tential of the electro-oxidation of hydrazine strongly
depends on the electrode material and generally noble
metals exhibit high activity for this reaction [3], so it is of
crucial importance to find less expensive catalysts for
this reaction.

On the other hand, metallophthalocyanines are ver-
satile compounds that exhibit catalytic activity for a
great variety of electrodic reactions including the elec-
tro-oxidation of hydrazine [4, 5]. Confined on electrodic
surfaces they act as mediators for many electron transfer
reactions, providing sites for the reacting molecules to
interact, lowering the activation energy. This is reflected
in the lowering of the overpotential for a given reaction
compared to the unmodified electrode. Several authors
[4, 6, 7, 8, 9, 10, 11] have correlated the activity of these
complexes with their redox potential since this will
contribute to the free energy of the reaction and prob-
ably to the free energy of activation. In fact ‘‘tuning’’ the
redox potential of these complexes by changing the
metal or changing the substituents on the ligand has
been suggested as a strategy for optimizing their activity
for a particular reaction [5].

Linear correlations have been found between the
M(II)/(I) formal potential of the metallophthalocyanine
and the catalytic activity (measured as rate constant or
current at constant applied potential) for the oxidation
of 2-mercaptoethanol [12, 13, 14], for the reduction of
dihydroxydimercaptodisulfide [15] and for the reduction
of O2 [4, 6, 7, 11, 16, 17] for families of substituted and
unsubstituted phthalocyanines of cobalt and of iron.
One interesting feature in these correlations is that, with
the exception of the reduction of dihydroxydimercap-
todisulfide [15], when plotting log I or log k (I are cur-
rents and k rate constants taken at constant potential)
versus the formal potential of the catalyst, the activity
decreases with the driving force of the phthalocyanine,
i.e. for oxidation reactions the activity decreases with the
oxidizing power of the catalyst [12, 13, 14] and the re-
verse is observed for reduction reactions [11, 13, 16, 17].
However, in a recent study [18] of the oxidation of
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2-mercaptoethanol that included cobalt porphyrins and
cobalt phthalocyanines with Co(II)/(I) redox potentials
ranging from )1.2 to )0.6 V versus SCE in contrast to
our previous findings for this reaction [12, 13, 14] we
obtained a volcano correlation between log k and the
formal potential of the catalysts. So it is possible that the
linear correlations found for several reactions [6, 7, 11,
12, 13, 14, 15, 16, 17, 19, 20] could be part of an
incomplete volcano if the redox potentials of the cata-
lysts studied do not cover a wide range of values. In a
recent study, when investigating the effect of the formal
redox potential on the catalytic activity for the electro-
oxidation of hydrazine of cobalt phthalocyanines bear-
ing both electron donor and electron acceptor groups on
the periphery of the ligand, we found volcano-shaped
correlations, where a maximum activity is obtained for
Co-phthalocyanine (with no substituents on the ligand)
which has a formal redox potential of the Co(II)/I(I)
centered around )0.65 V versus SCE [21]. This promp-
ted us to explore these correlations using another metal
in the phthalocyanine. In this work we study the electro-
oxidation of hydrazine mediated by Fe-phthalocyanine
and several derivatives substituted with both acceptor
and donor groups on the ligand, in order to have a wide
range of formal potentials and to modulate the electron
density on the Fe center.

Experimental

Iron phthalocyanine (Fe-Pc), and iron hexadecachlorophthalocy-
anine (FeCl16Pc) were obtained from Aldrich and purified by
vacuum sublimation. Iron octamethoxyphthalocyanine (FeOMe-
OPc) and iron tetracarboxyphthalocyanine (FeTCPc) were
obtained from Professor A.A. Tanaka (Universidade Federal do
Maranhao, Brazil). Iron tetraaminophthalocyanine (FeTAPc), and
iron tetranitrophthalocyanine (FeTNPc) were obtained from Mid
Century Chemicals (U.S.A.) and used as provided. Iron tetrasulf-
ophthalocyanine (FeTSPc) was synthesized and purified according
to a method described in the literature [22].

A BAS CV-50w voltammetric analyzer was used for the elec-
trochemical measurements. The working electrode was an ordinary
pyrolytic graphite disk (OPG) of 0.44 cm2 from Pine Instruments
and was polished with 800 and 1,200 grit emery paper and 1-lm
alumina followed by ultrasonic treatment in purified water for
2 min before use. The reference electrode was a saturated calomel
(SCE) electrode and the auxiliary electrode was a platinum
(99.99%, Aldrich) spiral wire of 10 cm2. The electrolyte was 0.2 M
NaOH prepared from deionized, double-distilled water, and de-
aerated with ultra pure N2. NaOH was analytical grade from
Merck. Hydrazinium sulfate fromMerck was used for preparing the
hydrazine solutions. The graphite surface was modified by placing a
drop of 10)4 M solution of the complex on the electrode for 30 min.
The solvent was dimethyl formamide for FeCl16Pc, FeTNPc and
FePc, pyridine for FeOMeOPc, FeTAPc and water for FeTSPc and
FeTCPc. Adsorption of all complexes was verified by the appear-
ance of typical current peaks in the cyclic voltammograms of the
modified electrodes [5, 12, 13, 14, 23].

Results and discussion

The structure of the different iron phthalocyanines
investigated is shown in Fig. 1 and depicts the location

of the different substituents on the periphery of the li-
gand. It is important to note here that tetra-substituted
phthalocyanines can have one group in position 2 or 3 of
each of the benzene rings and are almost invariably
mixtures of isomers, randomly distributed. There is no
evidence that the individual isomers have significantly
different redox potentials [24, 25, 26]. So one can assume
that the effect of the substituents is correlated with its
para substitution parameters, irrespective of its position
2 or 3 in the benzene ring.

Figure 2 illustrates the potentiodynamic response of
OPG modified with pre-adsorbed layers of different iron
phthalocyanines. All complexes exhibit at least two
reversible current peaks between )1.0 and 0.0 V that are
assigned to the Fe(II)/(I) and Fe(III)/(II) reversible
couples [4, 5, 10, 14]. These peaks are shifted to more
negative potentials by electron-donating groups (meth-
oxy in FeOMeOPc, amino in FeTAPc and carboxy
groups in FeTCPc) and to more positive potentials by
electron-withdrawing substituents (sulfo in FeTSPc, ni-
tro in FeTNPc and chloro in FeCl16Pc) compared to
FePc as illustrated in Fig. 2.

Hammett parameters can be applied to the analysis of
the effect of substituents on the redox potentials of
metallophthalocyanines both in the adsorbed state or in
solution [5, 13, 14, 15, 16, 24, 25, 26, 27, 28]. Figure 3 is
a plot of the potential of peak 1 versus the sum of the
Hammett parameters r of the groups reported in the
literature [29]. A linear correlation is obtained, in
agreement with previous work with iron phthalocya-
nines [5, 14] and phthalocyanines of other metals [5, 13,
15, 16, 24, 25, 26, 27, 28]. In the case of the hexadeca
substituted FePcCl16, the r parameters correspond to
the sum of the Hammett parameters in the meta and
para positions (R1 and R4 are meta and R2 and R3 are
para in Fig. 1) so for this particular complex eight

Fig. 1 Structure of iron phthalocyanines used in this work
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chloro groups are located on meta and eight chloro
groups are located on para positions). For all the other
complexes the groups are only located on the para

position.The surface coverageGof thedifferent complexes
can be estimated by integrating the charge under peak 1,
assuming one electron is transferred per phthalocyanine
molecule. However, more accurately, G can be deter-
mined from the slope of plots of Ip (peak current den-
sity) versus v (potential scan rate), since for surface
confined species Ip=n2F2v/4RT. The values obtained for
G were, in mol cm)2: 4.87·10)10 for FeTAPc, 1.16x10)10

for FeOMeOPc, 2.47·10)10 for FeTCPc, 9.78·10)10 for
FePc, 5.17·10)10 for FeTSPc, 8.24·10)10 for FeTNPc,
4.72·10)10 for FeCl16Pc. In contrast to what was ob-
served with several Co-Pcs [21] there seem to be no
correlation between the size of the molecule and the
surface coverage, which suggests that not all complexes
adsorbed flat on the surface or the way they adsorb on
OPG is not the same for all of them.

Figure 2 also shows the foot of the wave corre-
sponding to the oxidation of hydrazine, after adding.
5·10)2 M N2H4 to the electrolyte. When comparing the
position of the current peak assigned to the Fe(II)/(I)
redox process with the foot of the wave for hydrazine
oxidation for each individual phthalocyanine, it can be
seen that a simple, direct correlation of these two
properties is not obvious as previously observed for the
oxidation hydrazine on Co-Pcs [21].

Figure 4 illustrates polarization curves for hydrazine
oxidation in the form of Tafel plots, for the different Fe-
Pc derivatives. It can be seen here that the activity
strongly depends on the nature of the Fe complex. At
low polarization the Tafel slopes are close to 0.040 V/
decade and gradually change to values close 0.120 V/
decade with the exception of FeTSPc that gives a slope
of 0.140 V at high polarizations. The bending of the
curves at the highest polarizations can be attributed to
the formation of N2 bubbles that block the electrode
surface. The slope close to 0.040 V at low polarizations
is observed at potentials close to the Fe(II)/(I) couple in
the phthalocyanine and suggests that the transfer of a
second electron, preceded by a fast electron transfer, is
rate controlling. The data can be explained according to
the following mechanism:

RnPcFe Ið Þ½ ���RnPcFe IIð Þþe� ð1Þ

N2H4þRnPcFe IIð Þ� RnPcFe Ið Þ� � N2H4ð Þþ
� �

ð2Þ

RnPcFe Ið Þ� � N2H4ð Þþ
� �

þOH�

!
rds

RnPcFe IIð ÞþN2H3 � þe�þH2O (3)

N2H3� ! N2H2 � þe�þHþ ð4Þ

N2H2� ! N2H � þe�þHþ ð5Þ

N2H� ! N2þe�þHþ ð6Þ

RnPcFe represents the different iron phthalocyanines
with n substituents R on the periphery of the ligand. The
N2H3Æ radical reacts in subsequent steps losing one
electron and one proton at the time through steps 4–6 to

Fig. 2 Cyclic voltammograms of the OPG modified with iron
phthalocyanines with different substituents on the periphery of the
macrocyclic ring. Effect of substituents. Dashed lines illustrate the
foot of the wave for N2H4 oxidation after adding 5·10)2 M of
hydrazine to the electrolyte. Electrolyte pH=13.0, scan rate
0.3 V s)1 for the cyclic voltammograms and 0.005 V s)1 for the
foot of the wave, N2 saturated solutions for all curves

Fig. 3 Plot of the potential of peak 1 in Fig. 2 of the adsorbed iron
phthalocyanines derivatives versus the sum of Hammett parameters
(Sr) of the substituents
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give nitrogen as the final product of the reaction. Steps
occurring after the rate-determining step are not relevant
to the Tafel slopes observed. A low Tafel slope should be
observed (0.040 V/decade for a symmetry factor equal
to 0.5) since the rate determining step (3) is preceded by
the fast one-electron transfer step (1), i.e. an ECE
mechanism. At potentials where the hydrazine oxidation
currents are close to the formal potential of the corre-
sponding RnPcFe(II)/RnPcFe(I) couple (see Fig. 2). the
electrode surface is partially covered by RnPcFe(II)
species at a concentration, for a given potential, that can
be written according to the Nernst equation (applied to
surface confined species). If [RnPcFe]ad is the total initial
surface concentration of the complex, then:

Rn Pc Fe IIð Þ½ �ad¼ Rn PcFe½ �adh 0 <h<1 ðaÞ

Rn Pc Fe Ið Þ½ �ad¼ Rn PcFe½ �ad 1� hð Þ ðbÞ

Applying the Nernst equation and assuming ideal
behavior of the adsorbed species we have:

E ¼ Eo0 þ RT=F ln h= 1� hð Þ½ � ðcÞ

h ¼
exp E � Eo0

� �
F =RT

1þ exp E � Eo0ð ÞF =RT
ðdÞ

where E is the applied potential and Eo’ is the formal
potential of the [RnPcFe(II)]/[RnPcFe(I)] couple. So, it

can be easily demonstrated that as (E)Eo’)�RT/F,
h fi 1, i.e. [RnPcFe(II)]ad fi [RnPcFe]ad and [RnPcFe
(I)]ad fi 0. The rate of the reaction expressed as a cur-
rent would be:

Ik¼nFAk3 Rn Pc Fe Ið Þ� � N2H4ð Þþ
� �

ad
expagF =RT ðeÞ

where k3 is the rate constant of step 3, g is the overpo-
tential of step 3, n the total number of electrons trans-
ferred and A the area of the electrode. All other terms
have the usual meaning. The adduct surface concentra-
tion is then:

Rn Pc �2ð ÞM Ið Þ� � N2H4ð Þþ
� �

ad

¼ K2 Rn Pc Fe IIð Þ½ �adCN2H4
(f)

where K2 is the equilibrium constant for step 2 and
CN2H4

is the concentration of N2H4. Finally, the rate
expression can be written as:

Ik ¼ nF Ak3K2 Rn Pc Fe IIð Þ½ �adCN2H4
exp agF =RTð Þ ðgÞ

Since at more positive potentials, [RnPcFe(II)]ad fi
[RnPcFe]ad this term becomes constant and independent
of potential. Then, for a[0.5, the Tafel slope is [2RT/
F or 0.12 V/decade at higher potentials, as observed
experimentally.

Figure 5A shows a plot of log I at constant potential
versus the Fe(II)/(I) formal potential of the corre-
sponding substituted iron phthalocyanine. Figure 5B
shows a plot of log I versus the sum of the Hammett
parameters of the substituents located on the periphery
of the phthalocyanine ligand. The scattering of the data
along the log I axis in the log I versus E o’ plot can be
attributed to the fact that the different complexes do not
all adsorb on the same manner on the graphite or could
present different surface orientations. This might not
affect very strongly the formal potentials but could affect
the electron-transfer reaction rates. Also, there could be

Fig. 5A–B Variation of log I with A the formal potential of the
catalyst and B Sr of the substituents, for the electro-oxidation of
hydrazine on iron phthalocyanines with different substituents (data
taken from Figs. 3 and 4). I in amps

Fig. 4 Tafel plots for the oxidation of hydrazine on OPG modified
with different iron phthalocyanines. Data obtained from polariza-
tion curves at 5 mV s)1 in 0.05 M hydrazine solution in 0.2 M
NaOH saturated with N2
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some effect from electronic interactions of the metal
center with the p system of the substituted ligand that
could affect the catalytic activities which is not neces-
sarily reflected in the redox potential. It can also be ar-
gued that, when comparing activities of different iron
phthalocyanines, differences in catalyst surface coverage
can affect the observed activities. To check this, we have
plotted in Fig. 6 essentially the same data of Fig. 5 but
normalizing the currents by the surface coverage of each
particular catalyst. When comparing the data in Figs. 5
and 6, the data appears less scattered when catalyst
surface coverage is taken into account. Two linear cor-
relations are found or better, volcano plots are obtained.
For the iron phthalocyanines with the most electron-
donating groups, the catalytic activity increases very
sharply with the driving force of the catalyst up to a
point. As the substituents become more electron-
withdrawing, or the formal potential becomes more
positive, the catalytic activity decreases. So the data in
Figs. 5 and 6 suggest that there is an optimum formal
potential or an optimum effect of the substituents on the
catalytic activity but also show that, due to the disper-
sion of the data, there are other factors apart from the
redox potential that affect the reactivity of the Fe center.
This illustrates the delicate balance involved to obtain a
maximum activity. It seems that the optimum formal
potential is around )0.65 V versus SCE. This value is
close to that found in previous work, when comparing
activities of phthalocyanines of different metals (Cr, Mn,
Fe and Co) [4, 30] and of several substituted cobalt
phthalocyanines [21].

According to the mechanism proposed above, the
rate of the reaction will be given by v=K2k3[RnPcFe(II)]
[N2H4][OH)]. K1 is the equilibrium constant of step 1

and k3 is the rate constant of step 3. The chemical order
of the reaction is one in hydrazine and in OH) ions as
found in previous publications [30, 31, 32].

The maximum catalytic activity observed in Figs. 5
and 6 could also be the result of a combined effect of
steps 2 and 3 in the mechanism proposed above, which
will affect the values of K2 and k3. Electron-withdrawing
groups will increase K2 since they will stabilize the Fe(I)
state. Electron-donating groups will favor step 3 (they
stabilize the Fe(II) state) and increase the value of k3,
which is the rate-determining step. The observed rate
constant k is K2k3 and shows then a combined effect of
both factors. The concave downward volcano correla-
tion of rates versus the sum of the Hammett parameters
has been long known to be associated where changing
substituent changes the rate-determining step [33]. Even
though this explanation seems to be valid for our pre-
vious work with cobalt phthalocyanines, it is not
applicable to iron phthalocyanines.

We can conclude that, in contrast to what is found for
other electrochemical reactions catalyzed by metall-
ophthalocyanines, the correlations between the catalytic
activity and the formal potential, for phthalocyanines of
the same metal with substituents on the periphery of the
ring, are not linear but rather follow a volcano type of
correlation which agrees with previous work involving
cobalt phthalocyanines [21]. The scattering of the data
along the log I axis in the log I versus E o’ plot might
reflect the fact that the different complexes can adopt
different surface orientations, depending on the substit-
uents and affecting the reaction rates for each particular
phthalocyanine. Also, there could be some effects from
electronic interactions of the metal center with the p
system of the substituted ligand (metal to ring back
bonding) [34] that could affect the rate of electron
transfer and the formation of the precursor adduct (step
2). Formation of an adduct between hydrazine and the
phthalocyanine has been documented in the literature
for cobalt tetrasulfonated phthalocyanine at low tem-
peratures on the basis of electronic spectra and EPR
studies which shows that the formation of Co(I) species
is involved [35]. It is likely that a similar situation occurs
with iron phthalocyanines. We have observed in this
work that the open circuit potential of the OPG/RnPcFe
electrode shifts to potentials more negative than the
Fe(II)/(I) formal potential upon the addition of hydra-
zine to the electrolyte suggesting the formation of Fe(I)
on the surface so the formation of a short-lived adduct is
likely and in situ spectroelectrochemical measurements
of the different complexes studied in the presence of
hydrazine might be fruitful. If no adduct were formed,
oxidation of hydrazine would occur close to the
Fe(II)/(I) formal potential, but as seen in Fig. 2, the foot
of the wave is not always close to the formal potential of
the catalyst. The reaction in this case should occur at the
potential of the oxidation of the adduct (step 3), which is
not necessarily close to the Fe(II)/(I) formal potential.

The existence of a maximum in the log I versus Eo’
plot could also reflect an optimum interaction of the

Fig. 6 Variation of log (i/Gcomplex) (currents normalized for the
surface concentration of the catalyst) with A the formal potential of
the catalyst and B Sr of the substituents, for the electro-oxidation
of hydrazine on iron phthalocyanines with different substituents
(data taken from Figs. 3 and 4). i in A cm)2 and G in mol cm)2
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frontier orbitals of the iron phthalocyanine with the
frontier orbitals of hydrazine when the adduct is formed.
This could lead to a more favorable electron transfer
process from hydrazine to the Fe center since the
Fe(II)/(I) formal potential is a reflection of the energy of
the frontier orbital bearing a d-character, the more
positive its value, the more stable the frontier orbital as
demonstrated for cobalt phthalocyanines [17, 36].

We provide here possible explanations for the vol-
cano correlations but we are currently investigating
alternatives, in order to interpret the significance of the
maximum catalytic activities observed, since this is
important in predicting activities in terms of simple
measurable parameters such as the formal potential of
the catalyst.
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