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Oxidative degradation of pinacyanol chloride (PNC) dye by H2O2, as catalyzed by the 1

FeIII-TAML activator (TAML¼ tetraamidomacrocyclic ligand), occurs rapidly in water, goes to
completion, and exhibits noticeably complex kinetics at pH 11. The reaction achieves a carbon
mineralization of 51%. The detected products are acetate, formate, oxalate, maleate,
2-nitrobenzoate, nitrite, and nitrate. The catalytic reaction is a first-order process in 1 and the
reaction rate has a Michaelis dependence in hydrogen peroxide (H2O2). The reaction rate
increases sharply with increasing PNC concentration, reaches a maximal value, and then declines
as the PNC concentration is further increased. The initial rate (v) versus [PNC] profile has been
quantified in terms of the equation: v¼ (c1[PNC]þ c2[PNC]2)/(c3þ c4[PNC]þ [PNC]2) which
accounts for the maximum and further rate decline. Kinetic analysis at a more acidic pH (9 vs. 11)
revealed that there is no initial rate increase and only the hyperbolic retardation by PNC is
observed, in accord with the rate law v¼ (b1þ b2[PNC])/(b3þ [PNC]). The kinetic data has been
rationalized using the adopted mechanism of catalysis by FeIII-TAML activators, which involves
the reaction between 1 and H2O2 to form reactive, oxidized TAML (kI, k�I) followed by its
reaction with the dye (kII). Theminimalistic addition to the scheme to account for the PNC case is
the assumption that 1 may rapidly and reversibly associate with PNC (K), and the associated
complex reacts also withH2O2 (kID, k�ID) to form also the oxidized TAML. Spectral evidence for
this association is presented. The optimization of PNC structure by density functional theory
rules out coordination of PNC to 1 via the formation of a Fe–N bond. The kinetic data indicate
that the rate constant kII exceeds 1� 105 (mol L�1)�1 s�1 at pH 11 and 25�C.

Keywords: Iron TAML complexes; Kinetics; Pinacyanol chloride; Oxidation; Hydrogen
peroxide

1. Introduction

Iron(III)-tetraamidomacrocyclic ligand (TAML) activators of peroxides (1, scheme 1)
in the solid state are square pyramidal complexes of FeIII immersed into the TAML
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system of four essentially planar, deprotonated amide nitrogen donors [1–3]. The axial
fifth ligand is typically a halide or water. In aqueous solution, FeIII-TAMLs are
octahedral six-coordinate species with both axial positions occupied by water, one of
which deprotonates to a hydroxo in basic solutions [4]. FeIII-TAMLs are exceptional
oxidation catalysts that rival the catalase–peroxidase family of enzymes in terms of
catalytic performance [5]. FeIII-TAMLs perform a broad variety of ‘‘green,’’ environ-
mentally significant tasks, including the bleaching of several structurally distinct dyes
[6]. Two dyes that our group has studied in significant detail are Orange II [7] and
Safranin O [8]. Coincidently, the first dye that revealed the catalytic power of FeIII-
TAMLs through oxidation with hydrogen peroxide (H2O2) was pinacyanol chloride
(PNC, scheme 1) [9]. The oxidative bleaching of this blue dye was fast, clean, and
permitted the conclusion that FeIII-TAML was a robust activator of H2O2 [9].
Therefore, the choice of PNC as a representative dye for kinetic characterization of the
catalytic properties of FeIII-TAMLs seemed logical. However, our kinetic studies of the
FeIII-TAML-catalyzed bleaching of PNC by H2O2, which were initiated almost a
decade ago, resulted in unexpected, if not suspicious, observations which severely
complicated the kinetic evaluation of our catalyst. We have observed that the initial rate
of the FeIII-TAML-catalyzed bleaching of PNC by H2O2 has a maximum when plotted
against the PNC concentration. Such effects are more commonly found in biological
systems. A well-documented example of such an effect occurs when an enzyme is
inhibited by its own substrate. Substrate inhibition is routinely accounted for by a
model in which the binding of a second substrate molecule to the enzyme results in the
formation of a less reactive species [10, 11]. However, there exist more sophisticated
explanations of the ‘‘substrate inhibition’’ phenomenon, for instance, in catalysis by
peroxidase [12] and chloroperoxidase [13]. Our earlier studies have shown that these
enzymes share mechanistic traits with the FeIII-TAML activators [14]. Substrate
inhibition is less frequently encountered in catalytic chemical systems. Rekindling our
interest in substrate inhibition from artificial catalytic systems was the recent
publication from van Eldik et al. [15] on the oxidation of Orange II by H2O2 in the
presence of [FeIII(octaphenylsulfonato)porphyrazine]5�, showing that the rate of
Orange II oxidation decreases with increasing concentration of the azo dye [15]. Both
studies indicated that rate retardation in dye oxidation, as catalyzed by low-molecular
weight compounds, could be a general phenomenon and prompted further work on the
FeIII-TAML-catalyzed oxidation of PNC by H2O2. Here, we report the results from our
studies of PNC oxidation by H2O2 catalyzed by the FeIII-TAML activator, 1a. Our
results include product identification, bleaching kinetics, and a proposed model to
account for an unusually complex mechanistic regime.

PNC and related cyanine dyes are widely used in various subfields of chemistry,
often being employed as photosensitizers and biomolecular probes [16, 17].
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1 (a, R = H; b R = Cl)   Pinacyanol chloride (PNC) 

Scheme 1. Structures of the FeIII-TAML activators 1 and the PNC dye used in this study.
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Nevertheless, there is a dearth of reports on the catalytic, oxidative degradation of
pinacyanol cations [18–21]. This is surprising as these dyes also find medical application
in photodynamic therapy and are also used as radiation sensitizers. Therefore, their
resistance to oxidative degradation by liver cytochrome P450 enzymes [22, 23] should be
considered as an important factor in drug design. Given our previous work on the
similarities of FeIII-TAML catalyzed reactions to that of oxidative enzymes [14], the
data reported here could be viewed as a model pharmacokinetic study for the
physiological degradation of PNC.

2. Experimental

The FeIII-TAML complexes (1) were synthesized at Carnegie Mellon University as
indicated previously [5, 24]. Stock solutions of 1a were prepared (1mmolL�1, pure
water). PNC was obtained from Sigma-Aldrich and used without purification. PNC
stock solutions (1� 10�4mol L�1) were prepared in 0.01mol L�1 phosphate buffer at
pH 9 or 11. H2O2 (30% v/v) was obtained from Fluka and its solutions were
standardized daily by titration with ferrocene [25]. All oxidation reactions were
carried out in 0.01mol L�1 phosphate buffer at pH 9 and 11. Spectrophotometric and
kinetic measurements were performed using a Hewlett-Packard Diode-Array
spectrophotometer (model 8453) using plastic poly(methyl methacrylate) 1 cm cuvettes
at 25�C. All rate measurements were done in triplicate and the initial rates reported
throughout are mean values of three determinations. Initial rates of the PNC bleaching
were measured at 600 nm. This wavelength corresponds to the monomeric form of
the dye, which is known to form dimers and higher aggregates in water [26–28].
The aggregation results in deviations from Beer’s law, and therefore an average
effective extinction coefficient of 2.4� 104 (mol L�1)�1 cm�1 was used for calculating
the initial rates. The concentration of 1a in the reaction medium was varied in the
range from 2.4� 10�8 to 4.4� 10�7mol L�1 at pH 11 and from 9.8� 10�8 to
9.9� 10�7mol L�1 at pH 9.

Total organic carbon (TOC) analysis was performed by Analytical Laboratory
Services, Inc., Middletown, PA to determine the extent of mineralization during the
bleaching of PNC by 1a/H2O2. A Dionex DX500 chromatography system consisting of
a GP50 gradient pump, an AS40 automated sampler, an ED40 electrochemical
detector, a LC25 chromatography oven, an ASRS� 300 (P/N 064554) self-regenerating
suppressor was used for ion chromatography (IC) studies. The data were analyzed using
Chromeleon chromatography software (Version 6.70). The IonPac� AS9-HC
(4mm� 250mm) analytical and IonPac� AG9-HC (4mm� 50mm) guard columns
were obtained from Dionex. Analysis was performed under isocratic conditions with
9m mol L�1 Na2CO3 as the mobile phase, 1mLmin�1 flow rate, an oven temperature
of 35�C, and a SRS current of 100mA. The injection volumes were 100 mL. The mobile
phase was prepared with water from a Barnstead Nanopure system.

Density Functional Theory (DFT) calculations were carried out with the Gaussian 03
series of programs [29] within the framework of DFT [30, 31]. Our studies used the
B3LYP hybrid functional [32–34] and the 6-31G basis set for all atoms. Geometry
optimizations were carried out without any symmetry restrictions.

Oxidation of pinacyanol chloride 2607

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
0
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



3. Results

3.1. Efficacy of PNC bleaching

Spectral variations in the 1a-catalyzed bleaching of PNC by H2O2 indicate complete
decolorizing of the dye within 3min (figure 1). Bleaching in the absence 1a is negligible
under identical conditions (data not shown). The catalyzed PNC bleaching is noticeably
more facile than that of Orange II [7] (an azo dye) or Safranin O (a phenazine dye) [8].
The initial rate of PNC bleaching is a simple measurement, but it should be taken into
consideration that the accuracy of data collected is lower than that collected for
Orange II and Safranin O, because PNC has a strong tendency to aggregate and the
extinction coefficient in water is dependent on dye concentration and other solution
components [27, 35].

The catalytic efficacy of 1a in terms of the color removing stoichiometry, that is, the
number of equivalents of H2O2 needed for the bleaching of one equivalent of the color
of PNC is demonstrated in figure 2. This was obtained by measuring the decrease in
absorbance of PNC at 600 nm after consequent addition of aliquots of H2O2. The slope
of a linear plot of 1.5 was obtained at three 1a concentrations (5.4� 10�8, 1.6� 10�7,
and 4.9� 10�7mol L�1) indicating that 1a decolorizes PNC more economically than
Orange II, for which the slope of a similar plot was 0.5 [7].

3.2. Analysis of PNC degradation fragments

The TOC analysis of a solution from 1a-catalyzed oxidation of PNC indicated carbon
mineralization of 51%. Attempts to detect larger oxidative intermediates, both by
electrospray ionization (ESI) and atmospheric pressure chemical ionization (APCI)
mass-spectrometry, were not successful under a variety of experimental conditions,

Figure 1. Spectral changes during the bleaching of PNC by H2O2 catalyzed by 1a at pH 9 and 25�C. Spectra
were recorded after 10, 20, 45, 60, 90, 120, 180, and 240 s, respectively. Conditions: PNC (4.9� 10�5mol L�1),
H2O2 (2.0� 10�4mol L�1), and 1a (5.0� 10�9mol L�1) in 0.01molL�1K-phosphate buffer.
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including very short reaction times ([1a] (0.1� 1.0)� 10�6mol L�1, [H2O2]
(5� 20)� 10�6mol L�1, reaction time 1 – 10 s). Therefore, we resorted to IC to detect
reaction end products (figure 3). These results provide evidence for the formation of a
series of organic carboxylates (formate, acetate, oxalate, maleate, and 2-nitrobenzoate),
nitrite and nitrate. These successfully identified products logically reflect the oxidatively
decomposed structure of PNC (scheme 1). For example, 2-nitrobenzoate originates
from the quinoline moiety of PNC. As illustrated in the chromatogram, products were
identified for nearly all signals with only one significant peak remaining unidentified
(marked X, figure 3). Subsequent analysis ruled out the possibility that fumarate,
phthalates, glycolate, and 2,3-pyridinedicarboxylate comprised the unknown IC signal.
Unfortunately, bigger fragments of PNC, which would be helpful in establishing a more
detailed pathway of dye bleaching, were not detected by ESI or APCI. This, however, is
not surprising because oxidative fragments can be more chemically fragile than the
parent compound.

3.3. Kinetics of PNC bleaching

Our previous kinetic studies of dye bleaching by peroxides in the presence of FeIII-
TAML activators [5, 7, 8, 36] agree with a general mechanism of catalysis shown in
scheme 2. The reactive species of the catalysts, annotated as ‘‘oxidized TAML,’’ is most
likely the oxo derivative of FeIV, which has been spectrally characterized in aqueous
solution [37]. Oxo-FeIV-TAML may coexist with a similar, but more reactive, FeV

derivative, which has been detected in organic media [38]. All rate constants with
Roman subscripts in scheme 2 are conditional, that is, they are pH-dependent. This is
due to the fact that 1 in water is an octahedral diaqua species [FeL(OH2)2]

� that will
undergo deprotonation to form [FeL(OH)(OH2)]

2� (pKa¼ 10.1 for 1a) [4]. In addition,
H2O2 ionizes with a pKa around 11.4 [39]. Thus, these acid–base equilibria can

Figure 2. Stoichiometry of the PNC color removal at pH 11: amount of PNC bleached against amount
of H2O2 added at [1a] 4.9� 10�7molL�1.
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dramatically affect the values of kI. Derivation of a rate law from the elementary

reactions shown in scheme 2 leads to equation (1), where the rate constant k�I is

negligible because the condition k�I� kI[ROOH]þ kII[Dye] holds under all possible

scenarios. First-order kinetics in 1a hold at pH 9 and 11, that is, under the conditions

when the dominating species are the diaqua [FeL(OH2)2]
� and the aqua/hydroxo

[FeL(OH)(OH2)]
2� complexes, respectively. We have also confirmed that first-order

dependence in 1a holds at different concentrations of PNC, for example, 6.1� 10�6 and

4.9� 10�5mol L�1 at pH 9.

�
d½Dye�

dt
¼

kIkII½ROOH�½Dye�½FeIIITAML
�

k�I þ kI½ROOH� þ kII½Dye�
: ð1Þ

Equation (1) predicts hyperbolic growth in the rate of PNC decolorizing as the

concentration of H2O2 is increased. This effect has been confirmed and the data are

presented in figure 4. As illustrated, the initial rate levels off at higher H2O2

concentrations and the dependences are consistent with the empirical rate law shown in

equation (2). Fitting the experimental data to equation (2) allowed calculation of effec-

tive parameters a1 and a2 of equation (2), which are summarized in table 1. The solid

lines in figure 4 are the calculated dependences using the best-fit values of a1 and a2.

�
d½PNC�

dt
¼

a1½ROOH�

a2 þ ½ROOH�
: ð2Þ

Figure 3. Ion chromatogram of products of degradation of PNC by H2O2 catalyzed by 1a obtained
after 10min reaction. The reaction was quenched by the catalase enzyme (235UmL�1, pH 9). Conditions:
[PNC] 0.2� 10�3mol L�1, [H2O2] 2� 10�4mol L�1, [1a] 2� 10�5molL�1, pH 9.

FeIII-TAML + ROOH             (Oxidized TAML)

(Oxidized TAML) + Dye  FeIII-TAML + Primary Product 

Primary Product → → Final Product(s) 

Scheme 2. A general mechanism of catalysis by FeIII-TAMLs.
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Measurements of the rates of PNC bleaching at variable dye concentrations indicated
that the general equation (1) does not hold for PNC. Although equation (1) predicts the
rate growth, the data in figure 5 obtained at pH 9 show that the initial rate decreases
hyperbolically as the PNC concentration increases, in accordance with equation (3).
The solid line in figure 5 is the calculated curve using the best-fit effective values of b1,
b2, and b3, which are summarized in table 1.

�
d½PNC�

dt
¼

b1 þ b2½PNC�

b3 þ ½PNC�
: ð3Þ

A parallel experiment, carried out at pH 11, exhibited even more complex PNC
dependence. As seen in figure 6, the reaction rate first increases sharply at low PNC

Figure 4. Dependence of the initial rate of PNC bleaching on H2O2 concentration at pH 9 and 11 (0.01M
phosphate); [1a] 9.9� 10�8mol L�1, [PNC] 9.8� 10�5molL�1, 25�C.

Table 1. Effective kinetic parameters calculated in this work by fitting experimental data to equations (2)–(4);
25�C, 0.01mol L�1 phosphate.

Effective
parameter

pH

Concentrations of
reagents (mol L�1)

Meaning of parameters
in terms of equation (6)9 11

a1 (mol L�1) s�1 (1.9� 0.5)� 10�7 (9.8� 0.8)� 10�7 1a: 9.9� 10�8 kII½PNC�½1�

a2 (mol L�1) (5� 2)� 10�4 (6.5� 0.9)� 10�4 PNC: 9.8� 10�5 ðk�ID þ kIIÞ½PNC�ð1þK½PNC�Þ
kI þ kIDK½PNC�

b1 (mol L�1)2 s�1 (1.2� 0.2)� 10�2 1a: 4.9� 10�8 kIkII ½ROOH�½1�
ðk�ID þ kIIÞK

b2 (mol L�1 )s�1 (3.3� 0.2)� 10�8 H2O2: 1.68� 10�4 kIDkII ½ROOH�½1�
k�ID þ kII

b3 (mol L�1) (5.9� 1.8)� 10�6 1
Kþ

kID ½ROOH�
ðk�ID þ kIIÞ

c1 (mol L�1)2 s�1 (3.8� 1.7)� 10�12 1a: 1.0� 10�8 kIkII ½ROOH�½1�
ðk�ID þ kIIÞK

c2 (mol L�1) s�1 �1.4� 10�16 H2O2: 1.7� 10�4 kIDkII ½ROOH�½1�
k�ID þ kII

c3 (mol L�1)2 (3.5� 1.0)� 10�10 kI ½ROOH�
ðk�ID þ kIIÞK

c4 (mol L�1) �0 1
Kþ

kID ½ROOH�
ðk�ID þ kIIÞ
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concentrations, reaches a maximal value, and then decreases gradually as the dye
concentration continues to grow. At low [PNC], when the rate rises with increasing
[PNC], the kinetic data agree with general equation (1). For the rest of the plot, there is
an obvious disagreement for higher concentrations of PNC. These data demonstrate
that more than one kinetic pathway is operating during the 1a-catalyzed oxidation of
PNC, which depends on the PNC concentration. Kinetic profiles with maxima, such as
the one shown in figure 6, are accountable in terms of equations similar to

�
d½PNC�

dt
¼

c1½PNC� þ c2½PNC�2

c3 þ c4½PNC� þ ½PNC�2
: ð4Þ

The experimental data in figure 6 were fitted to equation (4), and the solid line in
figure 6 is the simulated curve using the best-fit effective values c1� c4 which are
included in table 1.

3.4. Spectral evidence for association between FeIII-TAML and PNC

The complex formation between FeIII-TAML and PNC was confirmed at pH 7.3 by 1b,
the pKa value of which equals 10.0 [4]. The spectral evidence was obtained using aqua,
[FeL(OH2)2]

�, not hydroxo species, because OH�, as compared toH2O, is amuch poorer
leaving ligand [40]. The results obtained using a tandem quartz celly2 are demonstrated in
figure 7. As seen, the intensity of strong PNC bands at 550 and 600 nm are moderately
increased by solution of 1b (taken in excess relative to PNC) after its addition to
the second cell compartment without mixing with a PNC solution. Immediately
after mixing, the intensity of the PNC bands rapidly decreased by 50% and continued
to decline for another 5min, after which the spectrum did not change further.

This reaction did not involve H2O2, therefore spectral changes are not attributable to

oxidative degradation of PNC. By the time a complex between 1b and PNC had achieved

Figure 5. Initial rate of the 1a-catalyzed PNC bleaching by H2O2 as a function of the dye concentration at
pH 9. Conditions: [1a] 4.9� 10�8mol L�1, [H2O2] 1.7� 10�4mol L�1, 25�C, 0.01mol L�1 phosphate.
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D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
0
9
 
2
3
 
J
a
n
u
a
r
y
 
2
0
1
1



equilibrium, a new shoulder had developed at ca 660 nm and a profound, three-fold

decrease in absorbance at 600 nm, was clearly evident.

Figure 7. Illustration of the association between the FeIII-TAML activator 1b and PNC in aqueous solution
using a tandem UV-Vis cell separated by a quartz wall. The solid line is the spectrum of ca 3� 10�5mol L�1

solution of PNC added to the first compartment of the tandem cell. The dotted line is the spectrum recorded
after adding 3� 10�4mol L�1 solution of 1b to the second compartment without mixing PNC and 1b. The
dashed line was obtained right after mixing PNC and 1b. The dash-dotted spectrum is the final spectrum that
was recorded 5min after mixing. Conditions: 25�C, pH 7.3. See text for more details.

Figure 6. Initial rate of the 1a-catalyzed PNC bleaching by H2O2 as a function of the dye concentration
at pH 11. Conditions: [1a] 10�8mol L�1, [H2O2] 1.7� 10�4mol L�1, 25�C, 0.01mol L�1 phosphate.
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4. Discussion

4.1. Stoichiometric mechanism of the catalyzed oxidation of PNC

Pinacyanol cations form adducts with many chemicals and therefore, it should not be

surprising that the PNC cation binds to 1, which will carry a charge �1 or �2,

depending on the solution pH. It is reasonable to assume that this fast, non-covalent

interaction influences the kinetics of PNC bleaching. Therefore, scheme 2 required a

correction for ‘‘the PNC case’’ to rationalize the results highlighted in figures 5 and 6. In

particular, two steps, the pre-equilibrium binding of PNC to 1 and the interaction of the

ensuing {FeIII-TAML, PNC} adduct with H2O2 to form the reactive species (oxidized

TAML) and free PNC, are included in scheme 3. This scheme represents a minimalistic

version of the mechanism sufficient to account for our experimental observations. For

mathematical simplicity, our model assumed that PNC did not associate with oxidized

TAML.
The expression for the rate of PNC bleaching in the presence of 1 and peroxides

(equation (5)) was derived from scheme 3. The steady-state approximation with respect

to the oxidized TAML was applied and the mass balance equation for all iron-

containing species ([1]¼ [FeIII-TAML]þ [FeIII-TAML, PNC]þ [oxidized TAML]) was

used.

�
d ½PNC�

dt

¼
k1½PNC�þkIDK½PNC�2
� �

kII½ROOH�½1�

k�IþkI½ROOH�þkIDK½ROOH�½PNC�þ k�IDþkIIð Þ½PNC�þ k�IDþkIIð ÞK½PNC�2
:

ð5Þ

The rate constant k�I, which appears in the denominator, has previously been found

to be negligible [5, 7, 36]. Therefore, equation (5) simplifies to equation (6), which is

qualitatively consistent with the experimental data in figures 4–6 and the corresponding

equations (2)–(4).

�
d½PNC�

dt

¼
k1½PNC�þkIDK½PNC�2
� �

kII½ROOH�½1�

kI½ROOH�þkIDK½ROOH�½PNC�þ k�IDþkIIð Þ½PNC�þ k�IDþkIIð ÞK½PNC�2
: ð6Þ

FeIII-TAML + PNC   {FeIII-TAML,PNC}

FeIII-TAML + ROOH               (Oxidized TAML)

{FeIII-TAML,PNC} + ROOH  (Oxidized TAML) + PNC

(Oxidized TAML) + Dye           FeIII-TAML + Primary Product

Primary Product                       → → Final Product(s)

Scheme 3. A minimalistic mechanism of FeIII-TAML-catalyzed oxidation of the pinacyanol dye by H2O2

that accounts for the substrate inhibition.
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In particular, equation (6) predicts the Michaelis-type dependence on the concen-
tration of H2O2. This is consistent with equation (2). The meaning of the calculated
parameters a1 and a2 in terms of equation (6) is described in table 1; a1 permits
estimation of the rate constant, kII, for the interaction between the oxidized form of
1a and PNC, which equals 2.0� 104 and 1.0� 105 (mol L�1)�1 s�1 at pH 9 and 11,
respectively.

Equation 6 agrees with equation (3) on the assumption that the first term in the
equation (6) denominator, kI[ROOH], is negligible compared with the sum of all other
terms. Thus, equation (6) can be simplified and rewritten as equation (3). The meaning
of parameters b1� b3 is shown in table 1. Supporting this is the observation that the
value of kI at pH 9 is noticeably lower than that at pH 11 [5]. This dependence is
reminiscent of a result described by the van Eldik et al. [15] for oxidation of Orange II
by H2O2 in the presence of [FeIII(octaphenylsulfonato)porphyrazine]5�.

Rationalization of the extremal rate dependence on PNC concentration (figure 6 and
equation (4)) requires the complete version of equation (6). The experimentally
measured parameters, c1� c4 (table 1), indicate that kII can be calculated from the ratio
c1/c3 as approximately 10� 105 (mol L�1)�1 s�1. Although it is somewhat larger than
the value obtained through the use of equation (2), we assume that the match is
acceptable when taking into consideration the following: (i) the minimalistic nature of
scheme 3 for interpreting the data in figure 6, (ii) uncertainty in determining four
parameters c1� c4 of equation (4), (iii) the tendency of PNC to self associate in water,
and (iv) deviations from Beer’s law for this dye.

4.2. On the nature of {FeIII-TAML, PNC} adduct

The four deprotonated amide nitrogen donors surrounding iron(III) in 1 are strong
‘‘electron pumps’’ that render axial ligation of FeIII very difficult in aqueous solution.
For example, the equilibrium constants for binding of chloride KCl and pyridine Kpy to
the diaqua form of 1a equal 0.18 [4] and 4.7 (mol L�1)�1 [41], respectively. PNC is a
nitrogen-containing dye that would be expected to interact with 1a in a manner similar
to pyridine. Thus, the value of Kpy¼ 4.7 (mol L�1)�1 could be considered as an
approximation for PNC binding capacity to 1a via nitrogen donor. Our data presented
in figures 5 and 6 rule out nitrogen ligation because the concentration ranges of PNC
used were around 10�4mol L�1, which is considerably lower than 0.2mol L�1 (the
inverse of the equilibrium constant Kpy). Thus, PNC most likely adopts a binding mode
independent of nitrogen. Computational data support this conjecture. Optimization of
the PNC structure by DFT (figure 8) also indicates that the coordination of the nitrogen
donor to iron(III) of 1 is problematic. The nitrogens of PNC are nearly equivalent and
the rings are to a great extent, aromatic. Both nitrogens have considerable sp2 character
and both N–CH2Me bonds are virtually in the plane of the quinoline rings. This, as
mentioned above, will sterically preclude Fe–N bond formation. Therefore, we propose
that the interaction between 1 and PNC is of a different nature.

Pinacyanol cations bind to numerous targets in water, including DNA [17], metal
cations [42–44], and tungstate [45]. The stoichiometry of PNC binding to the tungsten
species at pH 3–4 is unusual, with a molar ratio of PNC :W equal to 1 : 2 and 1 : 3 [45].
These examples indicate that the pinacyanol dye may bind to metal-containing and other
molecules via different mechanisms, the nature of which is dictated by a particular target.
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Regarding the FeIII-TAMLs, we favor pi-stacking (as in DNA). The electrostatic
mechanism (as in tungstate) in water seems least probable. Unfortunately, none of these
weak interactions can be reliably probed by DFT and previous attempts to co-crystallize
the complex have been unsuccessful. Therefore, the precise nature of the interaction
between 1 and PNC cannot be reliably established at this time.

4.3. Final remarks

This work, in conjunction with a recent report from the van Eldik et al. [15], indicates
that low-molecular weight activators of peroxide may suffer from noticeable substrate
inhibition when the substrate is a polyaromatic, cationic dye. Our previous studies
on 1a-catalyzed bleaching of Orange II, a polyaromatic, anionic dye, found no
indication of substrate inhibition [7, 8]. The charge of the [FeIII(octaphenylsulfonato)
porphyrazine]5� catalyst [15] is significantly more negative than that of 1, but still,
Orange II binds stronger to the former due to the repulsion between the anionic dye and
the pi-system of FeIII-TAML. The binding constant of 2.2� 103 (mol L�1)�1 reported
(pH 10) is rather high compared to that for bromide (1.2M�1) [15]. Most likely, the
binding is relatively non-specific, pi-cation interaction for 1 and PNC. Therefore, dyes
may affect the catalytic activity of small oxidation catalysts and compromise their
performance. This possibility should be taken into consideration when designing
catalytic formulations.
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