
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 23 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Coordination Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713455674

Thermodynamics and electrochemistry of manganese ortho-tetrakis(N-n-
butylpyridinium-2-yl)porphyrin in aqueous solutions
Ana Budimira; Tomislav Šmuca; Tin Weitnera; Ines Batinić-Haberleb; Mladen Biruša

a Faculty of Pharmacy and Biochemistry, University of Zagreb, Zagreb 10000, Croatia b Department of
Radiation Oncology, Duke University Medical School, Durham, NC 27710, USA

First published on: 16 July 2010

To cite this Article Budimir, Ana , Šmuc, Tomislav , Weitner, Tin , Batinić-Haberle, Ines and Biruš, Mladen(2010)
'Thermodynamics and electrochemistry of manganese ortho-tetrakis(N-n-butylpyridinium-2-yl)porphyrin in aqueous
solutions', Journal of Coordination Chemistry, 63: 14, 2750 — 2765, First published on: 16 July 2010 (iFirst)
To link to this Article: DOI: 10.1080/00958972.2010.502571
URL: http://dx.doi.org/10.1080/00958972.2010.502571

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713455674
http://dx.doi.org/10.1080/00958972.2010.502571
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Journal of Coordination Chemistry
Vol. 63, Nos. 14–16, 20 July–20 August 2010, 2750–2765

Thermodynamics and electrochemistry of manganese

ortho-tetrakis(N-n-butylpyridinium-2-yl)porphyrin

in aqueous solutions

ANA BUDIMIRy, TOMISLAV ŠMUCy, TIN WEITNERy,
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Spectrophotometric pH-titrations (15pH512) of manganese ortho-tetrakis(N-n-butylpyridi-
nium-2-yl)porphyrin (MnTnBu-2-PyP) have been performed in aqueous solution at various
temperatures and ionic strengths, studying complexes of various manganese oxidation states
(Mn(II)–(IV)). The observed results indicate three absorbing species of MnIIITnBu-2-PyP, but
only two absorbing species of MnIITnBu-2-PyP and MnIVTnBu-2-PyP within the studied
acidity range. The first and second deprotonation constants are related to fully protonated and
monodeprotonated species, i.e., the aqua and hydroxo complexes, respectively. The same
complexes have been studied by cyclic-voltammetry and the results can be summa-
rized as follows: E 00(MnIIITnBu-2-PyPðH2OÞ

5þ
2 /MnIITnBu-2-PyP(H2O)4þ)¼þ0.203V,

E00(MnIIITnBu-2-PyP(H2O)(OH)4þ/MnIITnBu-2-PyP(OH)3þ)¼þ0.191V, and E00(MnIVTnBu-2-
PyP(H2O)(OH)5þ/MnIIITnBu-2-PyPðH2OÞ

5þ
2 )¼þ0.62V, all versus NHE. In neutral and

acidic media the oxidation of the aqua Mn(III) complex may also occur as a one-electron
two-proton process yielding the oxoaqua Mn(IV) complex.

Keywords: Manganese tetra(ortho-n-butylpyridyl)porphyrin; Thermodynamics; Electrochem-
istry; Ionic strength; Proton dissociation

1. Introduction

Metalloporphyrins have been utilized as important electron carriers in a variety
of biological and chemical redox systems, as their electron-transfer reactions can be finely
tuned by the metal, the porphyrin macrocycle, and the electronic properties of the axial
ligands. Over the last decade, there has been a great deal of interest in manganese
porphyrins (MnP) because of their high reactivity and the accessibility of several
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oxidation states that enables the construction of redox cycles involving the consumption
of superoxide and NO-derived oxidants at the expense of readily available biochemical
reductants. There is a growing interest in usingMnPs as therapeutics for oxidative stress-
related diseases, as the removal of reactive oxygen and nitrogen species is redox-based
[1–3]. A structure–activity relationship found for the manganese-centered reduction

potential and the Mn-porphyrins catalytic rate constant of O
.�

2 dismutation, guided the
synthesis of the most potent functional superoxide dismutase (SOD)-mimics [4–8].
Modulation of SOD activity has been achieved by tuning the metal-centered reduction
potential of metalloporphyrins via alkylation of the tetrapyridylporphyrin ring.
Manganese ortho-tetrakis(N-ethylpyridinium-2-yl)porphyrin was found to have an
excellent in vitro and in vivo SOD-like activity [7–9] and to exert an exceptional efficacy

in ameliorating neurological disorders, injuries of central nervous system (stroke and
spinal cord), radiation injury, cancer, diabetes, sickle cell disease, renal and
cardiac ischemia reperfusion, and pain. In addition to the intrinsic antioxidant capacity
of manganese porphyrins, bioavailability plays a major role in their in vivo efficacy [10].
For instance, the hexyl-MnP analogue (MnTnHex-2-PyP) exhibits similar

antioxidant capacity as the ethyl-analogue (MnTE-2-PyP), but because of its higher
lipophilicity the former is up to 120-fold more efficient in reducing oxidative
stress injuries [11].

Among the manganese porphyrins where lipophilicity and the catalytic rate constant
for O

.�

2 dismutation were determined, ortho-tetrakis(N-n-butylpyridinium-2-yl)porphy-
rin (MnTnBu-2-PyP, figure 1) exhibits the antioxidant efficiency comparable to the
most efficient methyl- and ethyl-analogues, while its partition between n-octanol
and water (log POW) is ca 2 and 3 units more positive than the partition of other two

analogues. Its lipophilicity that results in a high intracellular accumulation, along with
its antioxidant potency, makes it prospective drug for treating diseases that have
oxidative stress in common. The still relatively high hydrophilicity is expected to prevent
its precipitation in strongly alkaline water solution, where the charge of the aqua
complex reduces by two units due to the deprotonation of coordinated water. The latter
property should allow a detailed study of both the proton-dependent speciation and the

formal reduction potentials within a wide range of acidity, which should improve our
understanding of in vitro and possibly in vivo catalytic effectiveness of manganese
porphyrins.

In this work we present the results of spectrophotometric and voltammetric
investigations of the deprotonation of MnTnBu-2-PyP at various temperatures and

N N

NN

N+

N+

N+

N+

Mn+
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Figure 1. Manganese ortho-tetrakis(N-n-butylpyridinium-2-yl)porphyrin (MnIIITnBu-2-PyP).
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ionic strengths of aqueous solutions for the Mn(II), Mn(III), and Mn(IV) porphyrin
complexes.

2. Experimental

Throughout the experiments, water was doubly distilled in an all-glass apparatus and
the highest purity chemicals were used. The water was further boiled for 1 h and cooled
under nitrogen (purified by a Sigma Oxiclear cartridge) in order to exclude CO2 and O2.
The ionic strength was maintained constant with sodium perchlorate (Sigma).
Perchloric acid (70%, Fluka) and sodium hydroxide (p.a., Merck) concentrations
were determined, respectively, by the titration of sodium tetraborate solution
(puriss. p.a., Fluka) in the presence of methyl red as indicator and
potassium hydrogenphthalate (99.99%, Acros Organics) with phenolphthalein
as indicator.

Investigated metalloporphyrin, MnTnBu-2-PyPCl5 was synthesized according to
published procedures [12]. Manganese(II) porphyrin was prepared by the reduction of
manganese(III) porphyrin with ascorbic acid (Fluka), whereas the oxidation of
manganese(III) porphyrin was performed by K3[Mo(CN)8] that was prepared according
to the published procedure [13, 14] immediately before the experiment. Concentration of
K3[Mo(CN)8] was determined spectrophotometrically ("388¼ 1360 (mol L�1)�1 cm�1)
[15]. Both reduction and oxidation reactions were completely reversible, and the original
manganese(III) porphyrin could be fully recovered by changing the ratio of reductant
and oxidant or by changing the pH (vide infra).

A solution of MnIIITnBu-2-PyPCl5 (�4.0� 10�6mol L�1) was prepared by the
dilution of a stock solution in water. The ionic strength was adjusted with sodium
perchlorate. Aliquots of 20mL of this solution were introduced into a jacketed cell,
maintained at (25.0� 0.2)�C. The free hydrogen ion concentration was measured with a
combined glass electrode Mettler DG111-SC and Mettler T70 titrator. The Ag/AgCl
reference electrode was filled with 3mol L�1 NaCl. The combined glass electrode was
calibrated as a hydrogen concentration probe by titrating standard solution of HClO4

with standard CO2-free NaOH solution [16, 17].
The spectrophotometric titrations were carried out by the addition of aliquots of

standardized NaOH solution with a piston microburet (Eppendorf). Special care
was taken to ensure that complete equilibration was attained. Simultaneous p[Hþ] and
UV-Vis absorption spectra (350–600 nm) were recorded. Absorption spectra were
recorded using a Varian CARY 50 UV-Vis spectrophotometer fitted with Cary 50 Fibre
Optic Dip Probe Coupler.

Cyclic-voltammetry (CV) measurements were performed using a three-electrode
potentiostat CH Instruments 600D, on-line connected to a PC. The data were treated
by CHI software v9.23. The working, reference, and auxiliary electrodes were a glassy
carbon (GC) electrode, the Ag/AgCl standard electrode (3mol L�1 NaCl), and
a platinum wire, respectively. GC electrode was polished with an aqueous alumina
slurry with particles 0.05 mm in diameter before every experiment and the electrode
surface was determined to be 0.08 cm2 by chronocoulometry of 2mM solution of
K3[Fe(CN)6] in 1mol L�1 aqueous KCl. The pH of aqueous solutions was determined
on a Mettler Toledo T70 titrator with Mettler DG-111-SC glass electrode calibrated
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with standard pH 4.00, 7.00, and 10.00 buffers. The supporting electrolyte in CV
measurements of manganese porphyrin was 0.1mol L�1 NaCl.

3. Results

3.1. Spectrophotometric pH titration of MnTnBu-2-PyP complexes

In aqueous solution, manganese porphyrins coordinate one or two axial waters, which
depending on the pH could deprotonate according to reaction patterns (1)–(3).

ðH2OÞmMnXTnBu-2-PyPn�!
 �ðHOÞðH2OÞm�1MnXTnBu-2-PyPðn�1Þ þHþ ð1Þ

ðHOÞðH2OÞm�1MnXTnBu-2-PyPðn�1Þ�! �ðOÞðH2OÞm�1MnXTnBu-2-PyPðn�2Þ þHþ ð2Þ

ðOÞðH2OÞm�1MnXTnBu-2-PyPðn�2Þ �! �ðHOÞ2MnXTnBu-2-PyPðn�2Þ ð3Þ

In these equations X and n stand for oxidation numbers of manganese and the formal

charges of the (di)aqua complexes, and m is 1 or 2 depending on the oxidation state
of manganese and/or degree of deprotonation, respectively.

3.2. Deprotonation of MnIIITnBu-2-PyP

As a representative example, the observed visible spectral change of the
MnIIITnBu-2-PyP in aqueous solution as a function of p[Hþ] at I¼ 2molL�1 is
shown in figure 2.

Up to p[Hþ]¼ 9, the absorption spectrum of MnIIITnBu-2-PyP is characterized by an
intense and sharp absorption centered at �454 nm together with two weaker and

broader absorption bands lying at 366 and 568 nm. The increase of p[Hþ] induces
a clear hypsochromic shift of the intense absorption band from 454 to 444 nm and the
loss of the band at 366 nm. Absence of isosbestic points during the titration clearly

indicates an involved equilibrium that includes several absorbing species. Spectral
analysis using the SPECFIT program revealed three relevant absorbing species related
by two mono-deprotonation processes. Fitting such a model to the experimental data
at different ionic strengths resulted in the values of deprotonation constants given in

table S1. Theoretical electronic spectra of different MnIIITnBu-2-PyP species predicted
from the fit are presented in the inset on figure 2.

Variations of the observed ionization constants of MnIIITnBu-2-PyP with ionic
strength and temperature are presented in figures 3 and 4, respectively.

Linear fit to the data shown in figure 3 resulted in the following parameters: (i) the
first ionization constants; slope¼ 1.0� 0.1, intercept¼ 10.33� 0.07; (ii) the second

ionization constants; slope¼ 1.1� 0.3, intercept¼ 11.2� 0.2. The obtained values
of intercepts correspond to the first and second thermodynamic acidity
constants of (H2O)2MnIIITnBu-2-PyP5þ calculated as 2.14� 1010 and

1.58� 1011 dm3mol�1, respectively. From the intercepts and slopes of van’t
Hoff plots shown in figure 4, the reaction enthalpies and entropies were calculated as
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follows: Da1H¼ 60� 2 kJmol�1, Da1S¼�16� 8 JK�1mol�1, Da2H¼ 49� 4 kJmol�1,

and Da2S¼�67� 8 JK�1mol�1.

3.3. Deprotonation of MnIITnBu-2-PyP

As a representative example, the observed visible spectral change of MnIITnBu-2-PyP in

aqueous solution as a function of p[Hþ] at I¼ 2molL�1 is shown in figure 5.
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Figure 2. Spectrophotometric titration of 4� 10�6mol L�1 MnIIITnBu-2-PyP with NaOH, I¼ 2mol L�1

(NaClO4), �¼ 25�C, l¼ 1 cm. The p[Hþ] values of the solution were varied within the p[Hþ]-range 9.3–12.4
(for the sake of clarity not all the measured spectra are shown).
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Figure 3. Dependence of pKas of MnIIITnBu-2-PyP on I1/2 at 25�C.
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The titration was carried out under purified nitrogen. Manganese ion in
MnTnBu-2-PyP was maintained in reduced form by the addition of ascorbic acid
in a large molar excess.

A slight shift of the isosbestic points observed during the titration could be indicative
of an involved equilibrium. The SPECFIT factor analysis reveals at least two
relevant absorbing species existing in solution, but the third one could not be
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Figure 5. Spectrophotometric titration of 4� 10�6mol L�1 MnIITnBu-2-PyP with 0.2mol L�1 NaOH,
in 10mM ascorbic acid, I¼ 2mol L�1 (NaClO4), �¼ 25�C, l¼ 1 cm. For the sake of clarity not all
the measured spectra are shown.
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Figure 4. van’t Hoff plots for the first and second ionization constants of (H2O)2MnIIITnBu-2-PyP5þ

at I¼ 2molL�1 (NaClO4).
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definitively discarded. Therefore, the observed spectral data were fitted to two different
models, one affording two spectral species and one pKa value and another one affording
three spectral species and two pKa’s.

The three-species model for MnIITE-2-PyP deprotonation produces a slightly better
fit, which can be expected due to more degrees of freedom. Judging from the standard
deviations, that model is only slightly better than the two-species model and the
residuals of spectral data are similar for both models. According to the three-species
model, the first deprotonation of (H2O)MnIITnBu-2-PyP4þ causes an almost negligible
hypsochromic shift of the spectrum, with the practically identical spectral shapes of
diprotonated and monoprotonated species of MnIITnBu-2-PyP, differing only in their
intensities. The calculated pKa1 value has a 10-fold larger standard deviation than pKa2,
and the pKa value for the two-species model is remarkably similar to pKa2 obtained
from the three-species model. Therefore, the existence of the third spectral species could
be just an artifact related to experimental errors and we assume with certainty only one
pKa for acid–base equilibrium of MnIITnBu-2-PyP, whereas the other pKa cannot
be confirmed with the current experimental data.

Accordingly, the two-species model was fitted to the observed spectral changes
affording the calculation of the pKa values (table S2), and the electronic spectra for the
different MnIITnBu-2-PyP species (inset of figure 5). The variations of the observed
ionization constant of MnIITnBu-2-PyP5þ with the ionic strength and temperature are
presented in figures 6 and 7, respectively.

Linear fit to the data shown in figure 6 resulted in the following parameters:
slope¼ 1.5� 0.2, intercept¼ 10.6� 0.2. The intercept corresponds to the thermody-
namic acidity constant of (H2O)MnIITnBu-2-PyP4þ calculated as 3.98� 1010

dm3mol�1. From the intercept and slope of van’t Hoff plot shown in figure 7,
the reaction enthalpy and entropy were calculated as follows: Da1H¼ 59� 2 kJmol�1,
Da1S¼�32� 7 JK�1mol�1.

3.4. Deprotonation of MnIVTnBu-2-PyP

In order to determine the deprotonation patterns of the manganese(IV) porphyrins,
the spectrophotometric titrations had to be performed in the presence of an
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Figure 6. Dependence of pKa of MnIITnBu-2-PyP species on I1/2 at 25�C.
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efficient oxidant. Maintenance of MnTnBu-2-PyP in oxidized form was easily achieved
by the addition of 0.1mM [Mo(CN)8]

3�, and by carrying out the pH titration in
aqueous solution under purified argon. Dependence of the observed visible spectrum of
the MnIVTnBu-2-PyP on pH in aqueous solution at 2mol L�1 ionic strength is shown
in figure 8 as a representative example.

The spectral analysis using the SPECFIT program revealed two relevant absorbing
species related through a single-proton exchange. Fitting such a model to the
experimental data at different ionic strength resulted in the values of deprotonation
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Figure 8. Spectrophotometric titration of 4� 10�6mol L�1 MnIVTnBu-2-PyP with 0.2mol L�1 NaOH,
I¼ 2molL�1 (NaClO4), �¼ 25�C, l¼ 1 cm. For the sake of clarity not all the measured spectra are shown.
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Figure 7. van’t Hoff plot for acid dissociation of MnIITnBu-2-PyP at I¼ 2mol L�1 (NaClO4).
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constants given in table S3. The predicted theoretical spectral species are shown as inset

in figure 8. Below pH 10 the Mn(III) form of complex (MnIIITnBu-2-PyP) was

extremely stable, hence any deprotonation constant were inaccessible by the present type

of experiments. The variations of the observed ionization constants of MnIVTnBu-2-

PyP5þ with the ionic strength and temperature are presented in figures 9 and 10,

respectively.
Linear fit to the data shown in figure 9 resulted in the following parameters:

slope¼ 1.06� 0.08, intercept¼ 10.25� 0.09. The latter corresponds to 1.78� 1010

dm3mol�1 for the thermodynamic acidity constant of (H2O)(OH)MnIVTnBu-2-PyP5þ.

From the intercept and slope of the van’t Hoff plot shown in figure 10, the reaction

enthalpy and entropy were calculated as follows: Da1H¼ 48� 2 kJmol�1,

Da1S¼�63� 7 JK�1mol�1.
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Figure 10. van’t Hoff plot for MnIVTnBu-2-PyP at I¼ 2mol L�1 (NaClO4).
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Figure 9. Dependence of pKa of (H2O)(OH)MnIVTnBu-2-PyP5þ on I1/2 at 25�C.
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3.5. Cyclic voltammetry of MnTnBu-2-PyP

In acidic and mildly basic media only one pH-independent current peak pair has been
observed and attributed to Mn(III)/Mn(II) electron transfer (figure 11). At pH values
above 9, an additional current peak pair appeared at more positive potentials, becoming
fully developed at pH¼ 11, corresponding to the Mn(IV)/Mn(III) redox transition
(figure 12). Cathodic (Epc) and anodic (Epa) peak separation for both redox processes
increases with scan rate, �, indicative of a quasi-reversible single-electron transfer. Both
potentials shift toward more negative values with increase in pH of the solution.
Dependence of peak current, ip, versus �

1/2 for the reduction of MnIIITnBu-2-PyP5þ

(inset of figure 11), clearly demonstrates the transition from approximately reversible
electron transfer at low values of � to approximately irreversible electron transfer at
high values of �. Similarly, peak currents of the Mn(III)/Mn(II) electron-transfer
process measured at pH¼ 12 display even larger deviation from the reversible case,
approximating to irreversible electron transfer at high values of � (right-side inset of
figure 12) [18].

Parameters of the recorded cyclic voltammograms were evaluated according to the
previously published procedure [19, 20] and simulated using CHI software v9.23.
A summary of the estimated electrochemical parameters for the Mn(III)/Mn(II) and
Mn(IV)/Mn(III) redox couples is given in table 1. The data in table 1 are identical to the
values of E1/2 versus Ag/AgCl published previously [12], and the differences in
potentials versus NHE are due to the differences in calibration. Yet, importantly, the
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Figure 11. Cyclic voltammogram of 4.8� 10�4molL�1 MnIIITnBu-2-PyP5þ, pH¼ 7.6, [NaH2PO4]¼
0.05mol L�1, [NaCl]¼ 0.1mol L�1, �¼ 0.2V s�1, �¼ 25�C, (-) measured values, (�) simulated values.
Inset: Dependence of ip on �1/2, for the reduction of MnIIITnBu-2-PyP4þ, (– –) Randles–Sevcik equation
for reversible electron transfer, (� � �) equation for irreversible electron transfer (�¼ 0.3), (	) measured values
of ipc.
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differences in potentials among the members of Mn(III) N-alkylpyridylporphyrin series

hold and thus all relationships that have been based on E1/2 hold also. Diffusion

coefficients were obtained by chronoamperometry in the same cell.
The obtained results indicate a single-electron redox transition for the Mn(III)/

Mn(II) redox couple, as defined by equation (4):

MnIIITnBu-2-PyPðH2OÞ
5þ
2 þ e��! �MnIITnBu-2-PyPðH2OÞ

4þ
þH2O ð4Þ

The observed negative shift of the formal redox with increasing potential can be

attributed to the above determined deprotonation equilibria of Mn(III) and Mn(II)

species, in a way described by Laviron [21].
Deprotonation of these species also reduces the heterogeneous rate constant,

probably caused by a decrease of the overall positive charge and formal reduction

potential of the reacting species upon deprotonation. The value of cathodic electron-

transfer coefficient �5 0.5 is indicative of an asymmetric potential-energy function for

the transition state, meaning that the structure of the activated complex of Mn(III)/

Mn(II) redox couple has predominantly the structure of oxidized species. The literature

data indicate that similar MnPs in the oxidized form, i.e., Mn(III), are six-coordinate
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Figure 12. Cyclic voltammogram of 4.9� 10�4molL�1 MnIIITnBu-2-PyP5þ, pH¼ 12,
[Na2HPO4]¼ 0.05molL�1, [NaCl]¼ 0.1mol L�1, �¼ 0.2V s�1, �¼ 25�C, (-) measured values, (�) simulated
values. Left-side inset: Dependence of ip on �1/2, for the oxidation of MnIIITnBu-2-PyP5þ, (– –) Randles–
Sevcik equation for reversible electron transfer, (	) measured values of ipa, (� � �) equation for irreversible
electron transfer (�¼ 0.2), (h) measured values of ipc. Right-side inset: Dependence of ip on �1/2, for the

oxidation of MnIIITnBu-2-PyP4þ, (– –) Randles–Sevcik equation for reversible electron transfer, (� � �)
equation for irreversible electron transfer (�¼ 0.2), (g) measured values of ipa.
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with distorted octahedral geometry whereas in the reduced form, i.e., Mn(II), are
five-coordinate with geometry near a tetragonal pyramid [22]. The asymmetry of the
potential-energy function is further increased upon deprotonation of the involved
species (�¼ 0.3 at pH¼ 7.6 and �¼ 0.2 at pH 12).

The oxidation of Mn(III) to Mn(IV) species is hindered in acidic media. The absence
of electrochemical response of the Mn(III)/Mn(IV) redox pair in acidic media is most
likely due to oxo-/aqua-equilibrium of Mn(IV):

ðH2OÞ2MnIVTnBu-2-PyP6þ�!
 �ðH2OÞðOÞMnIVTnBu-2-PyP4þ þ 2Hþ ð5Þ

Whereas, the electrochemical reaction is limited to the oxo-complex making
it thermodynamically unfavorable in acidic media. As the pH of the medium increases,
the rate of electron transfer increases, resulting in fully developed anodic and cathodic
waves at sufficiently high pH. However, this electron-transfer process is also
characterized by asymmetric potential-energy function for the transition state
(�¼ 0.2). This asymmetry is further demonstrated by the observed peak current for
the oxidation of MnIIITnBu-2-PyP5þ at pH¼ 12 matching the criteria of reversible
electron transfer quite well, but this is not the case for the reduction of Mn(IV) species
(left-side inset of figure 12).

4. Discussion

The equilibrium spectrophotometric measurements reveal that within the studied
acidity range three forms of MnIIITnBu-2-PyP and only two forms of MnIVTnBu-2-PyP
and MnIITnBu-2-PyP could be identified in an aqueous solution with certainty. The
assignments of these species to the deprotonation steps defined by equations (1)–(3)
could be based on the effect of the charge of the central metal ion on the polarization of
the O–H bond of the coordinated water. The higher the positive charge localized on the
manganese ion, the lower is the pKa of the corresponding complex. Accordingly,
it seems possible that for MnIVTnBu-2-PyP, the species that is missing is the fully
protonated one, which could eventually exist at a much lower pH. However, as clearly
shown by CV measurements presented in figure 11, due to its high reduction potential
this complex species cannot be observed and studied by conventional techniques. On
the other hand, for the MnIITnBu-2-PyP the inaccessible species under the studied
experimental conditions is probably the fully deprotonated one whose pKa is perhaps
shifted to a much higher value due to the decrease of positive charge on the central
manganese ion. This hypothesis is confirmed by the thermodynamic data shown in
table 2. Deprotonation of the Mn(II) porphyrin complex is characterized by 59 kJmol�1

reaction enthalpy and �32 JK�1mol�1 reaction entropy that closely resembles the
values for the first deprotonation step of Mn(III) complex, whereas the deprotonation
of the Mn(IV) porphyrin complex is characterized by 48 kJmol�1 reaction enthalpy and
�63 JK�1mol�1 reaction entropy that closely resembles the values for the second
deprotonation step of Mn(III) complex. Furthermore, according to such an assignment
of the deprotonation steps, the obtained first ionization constant for Mn(II) complex
(pKa¼ 10.6) is slightly larger than for Mn(III) complex (pKa¼ 10.3), reflecting the
stronger polarization of the O–H bond of coordinated water in the latter complex due
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to its higher positive charge. In other words, MnIIITnBu-2-PyP5þ, with the manganese
in the Mn(III) form, is more electron deficient and binds axial water more strongly than
the electron-rich reduced Mn(II) site in MnIITnBu-2-PyP4þ, making the water
molecules in the former complex more acidic.

A decrease of ca 40 JK�1mol�1 in reaction entropies from the first to the second
deprotonation step is probably caused by the formation of oxo-manganese porphyrin
complexes in the latter step, whose stronger hydration due to the increased dipole
moments could decrease the reaction entropies. Such a hypothesis is also confirmed by
CV measurements, namely, by the reduction of heterogeneous rate constant upon
deprotonation of the Mn(III) species, from k� ¼ 0.004 cm s�1 to k� ¼ 0.0015 cm s�1 at
pH 7.6 and 12 (table 1), respectively. The same situation is repeated in the second
protonation step of the Mn(III) complex (pKa¼ 11.3) compared to Mn(IV) complex
(pKa¼ 10.3), where a higher positive charge on manganese again causes a stronger
polarization of O–H bond and in turn smaller pKa of Mn(IV) complex.

Our values of deprotonation equilibrium constants obtained for MnIIITnBu-2-PyP
favorably compare to values reported for the methyl analogue of the studied
metalloporphyrin [23], i.e., pKa1 (MnIIITM-2-PyP)¼ 10.5, pKa2 (MnIIITM-
2-PyP)¼ 11.4, and pKa (MnIVTM-2-PyP)¼ 10.5, additionally confirming the proposed
assignment of deprotonation steps.

Substitution of butyl for methyl chains in the porphyrin ring does not change the
acidity of coordinated water, although it was suggested that the core exposure in the
ortho-manganese porphyrins is strongly affected by the length of the alkyl side chains
[24]. A possible hindrance of coordinated water and a decrease in local dielectric
constant caused by the alkyl chains, which may slow the rate of proton transfer between
the axial ligand and the bulk water, must have a similar effect on both deprotonation
and protonation rates of the complexes, causing no effect on the acid–base equilibria.

As shown in the distribution diagram (figure 13) of various species of MnTnBu-2-PyP
calculated by use of the Hyss program [25], at pH 7.6 bothMn(II) andMn(III) complexes
are fully protonated, therefore the calculated formal reduction potential can be
assigned to the couple MnIIITnBu-2-PyPðH2OÞ

5þ
2 /MnIITnBu-2-PyP(H2O)4þ

(E 00(MnIIITnBu-2-PyPðH2OÞ
5þ
2 /MnIITnBu-2-PyP(H2O)4þ)¼þ0.203V vs. NHE).

From the determined values of deprotonation constants and the formal reduction
potential for the aqua Mn(III)/Mn(II) porphyrin couple, the calculation of the
formal potential for MnIIITnBu-2-PyP(H2O)(OH)4þ/MnIITnBu-2-PyP(OH)3þ couple
according to the Nernst equation yielded (E 00(MnIIITnBu-2-PyP(H2O)(OH)4þ/
MnIITnBu-2-PyP(OH)3þ)¼þ0.191V vs. NHE). As expected, the calculated value

Table 1. Estimated electrochemical parameters for the Mn(III)/Mn(II) and Mn(IV)/Mn(III) redox couples
of MnTnBu-2-PyP complex.

Redox couple

pH¼ 7.6 pH¼ 12

Mn(III)/Mn(II) Mn(III)/Mn(II) Mn(IV)/Mn(III)

E 00 (V) vs. NHE 0.203 0.113 0.471
� 0.3 0.2 0.2
k� (cm s�1) 0.004 0.0015 0.011
DO (cm2 s�1) 2.8� 10�6 2.8� 10�6 3.7� 10�6

DR (cm2 s�1) 2.6� 10�6 2.6� 10�6 2.8� 10�6

Conditions: [NaH2PO4]¼ 0.05mol L�1 or [Na2HPO4]¼ 0.05molL�1, [NaCl]¼ 0.1mol L�1, �¼ 25�C.
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demonstrates that upon deprotonation of Mn(III) and Mn(II) aqua porphyrin
complexes, the electron density on Mn(III) is slightly increased over Mn(II) central
ion. As the presence of the oxo-complex was not confirmed for the Mn(II) complex,
analogous comparison for this type of complex is impossible.

From figure 13 it is obvious that at pH 12, in both the oxidized and reduced form of
the porphyrin complex, no complex species dominates in solution. Therefore, reduction
potential in that solution was calculated using the appropriate form of Nernst equation.
The estimated formal potential of 0.129V versus NHE is in good agreement with the
observed value at that pH listed in table 1, i.e., 0.113V versus NHE indicating
a reliability of the results obtained by two techniques used throughout this study.

A similar analysis can be performed for the reduction of Mn(IV)/Mn(III) studied
complex. Figure 14 shows that at pH 10 two species dominate, the diaqua complex of
Mn(III)-porphyrin complex and hydroxo complex of the Mn(IV) species. Therefore, the
formal reduction potential, E 00

¼ 0.62V versus NHE, obtained by CV measurements at

Figure 14. Distribution of MnTnBu-2-PyP species as function of pH at 25�C. Species: (1) MnIIITnBu-2-PyP
ðH2OÞ

5þ
2 , (2) MnIIITnBu-2-PyP(H2O)(OH)4þ, (3) MnIIITnBu-2-PyP(H2O)¼O3þ; (1) MnIVTnBu-

2-PyP(H2O)(OH)5þ and (2) MnIVTnBu-2-PyP(H2O)¼O4þ.

Figure 13. Distribution of MnTnBu-2-PyP species as function of pH at 25�C. Species: (1) MnIIITn
Bu-2-PyPðH2OÞ

5þ
2 , (2) MnIIITnBu-2-PyP(H2O)(OH)4þ, (3) MnIIITnBu-2-PyP(H2O)¼O3þ; (1) MnIITnBu-

2-PyP(H2O)4þ and (2) MnIITnBu-2-PyP(OH)3þ.
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pH 10, mainly corresponds to the MnIVTnBu-2-PyP(H2O)(OH)5þ/
MnIIITnBu-2-PyPðH2OÞ

5þ
2 couple, described by the half-reaction: MnIVTnBu-

2-PyP(H2O)(OH)5þþHþþ e�!MnIIITnBu-2-PyPðH2OÞ
5þ
2 .

At pH 12 there is no the oxidized or reduced MnP species that dominates the solution
and the equilibrium appears to be too much involved to permit calculation of any
particular formal reduction potential. However, combining the obtained value of
E 00(MnIVTnBu-2-PyP(H2O)(OH)5þ/MnIIITnBu-2-PyPðH2OÞ

5þ
2 ) with the pKa values

from table 2 yielded the formal reduction potential of ca 0.58V at pH¼ 12 for any
hypothetical value of the first deprotonation constant of the Mn(IV) species pKa15 9.5.
It is unlikely that the pKa1 is higher than 9.5 because the third absorbing species,
MnIVTnBu-2-PyPðH2OÞ

6þ
2 , should have been observed in the spectrophotometric

titrations. The calculated formal reduction potential is significantly different from the
observed formal potential of 0.471V versus NHE, indicating that equation (5) might
indeed be significant at lower pH values.

In conclusion, our results confirm that the fully deprotonated MnIITnBu-2-
PyP(¼O)2þ species does not exist in a basic water solution up to pH 13. On the
other hand, based on the obtained results the MnIVTnBu-2-PyP inaccessible species
could not be specified with certainty. It could be the fully protonated one, but because
of the possible formation of MnIVTnBu-2-PyP(H2O)(¼O)4þ in a double-deprotonation
step from MnIIITnBu-2-PyPðH2OÞ

5þ
2 the inaccessible species could also be the fully

deprotonated oxo-complex. Therefore, further studies including other MnP analogues
should be undertaken in order to clarify this point.
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