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Abstract. Kinetics between 5,10,15,20-tetrakis(N-methylpyridium-4-yl)porphyrin and Ni2? species were
investigated in aqueous solution at 25 ±1 C in I = 0.10 M (NaNO3). Speciation of Ni2? was done in I = 0.10
M (NaNO3) for knowing distribution of Ni2? species with solution pH. Experimental data were compared
with speciation diagram constructed from the values of hydrolysis constants of Ni2? ion. Speciation data
showed that hexaaquanickel(II) ions took place in hydrolysis reactions through formation of [Ni(OH2)62-n
species with solution pH. According to speciation of Ni2? and pH dependent rate constants, rate
n(OH)n]
expression can be written as: d[Ni(TMPyP)4?]/dt = (k1[Ni2?(aq)] ? k2[Ni(OH)?(aq)] ? k3[Ni(OH)2o(aq)] ?
k4[Ni(OH)3-(aq)])[H2TMPyP4?], where k1, k2, k3 and k4 were found to be k1 = (0.62 ± 0.22) 9 10-2; k2 = (3.60
± 0.40) 9 10-2; k3 = (2.09 ± 0.52) 9 10-2, k4 = (0.53 ± 0.04) 9 10-2 M-1s-1 at 25 ±1 C, respectively.
Formation of hydrogen bonding between [Ni(H2O)5(OH)]? and [H2TMPyP]4? causes enhanced reactivity.
Rate of formation of [Ni(II)TMPyP]4? complex was to be 3.99 9 10-2 M-1s-1 in I = 0.10 M, NaNO3 (25 ±
1 C). UV-Vis and ﬂuorescence data suggested that [Ni(II)TMPyP]4? and [H2(TMPyP)]4? interact with DNA
via outside binding with self-stacking and intercalation, respectively.
Keywords. Speciation of Ni2?; kinetics and mechanism; hydrogen bonding; 5,10,15,20-tetrakis(Nmethylpyridium-4-yl)porphyrinatonickel(II) tetracation; outside binding; chemotherapeutic agents.

1. Introduction
Substantial studies by many research groups have been
carried out on kinetics and mechanism of formation of
metalloporphyrins because of their possible applications as therapeutic agents in medical and biological
ﬁelds.1-19 The structural similarity of the porphyrins
with chlorophylls, green pigments of leaves, has also
been attracted by researchers for their potential use in
an artiﬁcial photosynthetic system.20 In the human
body system, the protoporphyrin IX ring is

continuously synthesized during biosynthesis of heme,
and iron(II) is subsequently coordinated to the porphyrin core. Studies of the kinetics of incorporation of
metal ions into the porphyrins’ core provide the
mechanistic pathways of the formation of metalloporphyrins. By knowing proper reaction pathways of
the formation of metalloporphyrins, it may possible to
formulate porphyrin-based new drugs. Hambright and
Chock (1974) proposed a general mechanism of formation of metalloporphyrins for the ﬁrst time, and
later that was reviewed by a number of research
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groups from different kinetic standpoints.21-34 Among
the standpoints, the presence of the hydroxo group of
the central metal ion enhances the reactivity of
macrocyclic porphyrins through the formation of
hydrogen bonding between the oxygen atom of the
hydroxo-ligand and the pyrrolic hydrogen atom of the
free base porphyrin.23,27,34
Nickel is an essential element for humans as well as
for other animals in functioning many metabolic
reactions. The known multifunctional properties of the
porphyrins and metalloporphyrins have been extended
the porphyrins’ research in various ﬁelds. So, the study
of kinetics and mechanism of the formation of
Ni(II)porphyrin may open a new research arena of
applications of nickel-porphyrin complexes. Nickel is
a transition metal having d8 electronic conﬁguration,
thus exhibits the least reactivity in complex formation.
However, in our previous study, we found enhanced
reactivity of Au3? ion in the formation of complexes
with the macrocyclic tetrakis(N-methylpyridinium-4yl)porphyrin, [H2TMPyP]4?, where Au3? ion belongs
to the d8 electronic conﬁguration.27 According to the
speciation diagram of Au3? ion with solution pH, the
monohydroxotrichloroaurate(III), [AuCl3(OH)]-, was
found as a predominant species under the experimental
condition.27 The negatively charged [AuCl3(OH)]- ion
can easily approach the core of the tetracationic porphyrin and the presence of the hydroxo-ligand in the
Au3? species causes enhanced reactivity in the formation of the [Au(III)TMPyP]5? complex. This is
because the hydroxo-ligand of the [AuCl3(OH)]- species forms hydrogen bonding with the pyrrolic
hydrogen atom of the porphyrin, which resulted in an
enhanced rate of the reaction. Thus, it is suspected that
the monohydroxonickel(II), [Ni(H2O)5(OH)]?, species
may also exhibit enhance reactivity with the free-base
porphyrin, [H2TMPyP]4?. In kinetic studies, the speciation of central metal ion plays a vital role to
investigate the reactivity and mechanism of the reactions. Though some attempts have already been paid to
study the kinetics of formation of Ni(II)porphyrins,35-38 speciation of Ni(II) ion from the geo- and
hydrothermal points of view is available.39,40
Much attention has been paid to explore the interaction between the cationic porphyrins and nucleic
acids because of the promising properties of the porphyrins in medical and biological applications.2,3,5-7,9-17,41-51 The potential uses of the
porphyrins in medical and biological ﬁelds are due to
their anticancer,11,13,17 antiviral and/or antibacterial/
anti-inﬂammatory4,6,10,14-16 and antifungal6,52 activities. Porphyrins are also being used as imaging agents
in medical imaging systems.6,53-55 Cationic porphyrins
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interact with DNA in various modes. Three major
modes of interaction between porphyrins and DNA are
intercalation, outside binding without self-stacking,
and outside binding with self-stacking along the DNA
surface.41-46 Partial intercalation has also been suggested.45,46 It is noted that potential applications of
porphyrins in medical and biological systems depend
mainly on the modes of interaction of the porphyrinDNA adducts.
Very recently Liu and Li (2020) studied the severe
health effect of the novel coronavirus (COVID-19)
worldwide by applying theoretical models.56,57 They
used conserved domain analysis, homology modeling
and molecular docking models to compare the biological roles of speciﬁc proteins of the COVID-19, and
found the novel coronavirus attacks the 1-beta chain of
the haemoglobin and captures the protoporphyrin IX
to inhibit human heme metabolism. The theoretical
results suggest that the coronavirus has a strong
afﬁnity for porphyrins. The noble but clinically relevant ﬁnding encouraged us to investigate possible
applications of the porphyrins as anti-COVID-19
agents.
In this paper, speciation of Ni2? in an aqueous
medium with different solution pH in I = 0.10 M
(NaNO3) and 0.10 M NaCl at 25 ±1 C has been
characterized. By applying the distribution of the Ni2?

Scheme 1. Tetracationic nickel(II)porphyrin, I.
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species with solution pH, the kinetics of the formation
of [Ni(II)TMPyP]4? complex, I (Scheme 1) has been
studied to explore the reaction mechanism of the
metalation reaction. We have extended our studies on
the interaction of DNA with the [Ni(II)TMPyP]4?
complex along the H2TMPyP4? to investigate their
potential applications in medical and biological ﬁelds.
An investigation of the application of porphyrins,
Zn2?-,
Ru2?-,
Pt2?-,
particularly
Ni2?-,
5?
[Au(III)TMPyP] as anti-COVID-19 agents is now in
progress under an international research collaboration.
2. Experimental
2.1 Reagents and materials
The tetracationic free-base porphyrin, 5,10,15,20tetrakis(N-methylpyridinium-4-yl)porphyrin,
[H2
TMPyP]4?, was purchased as a tosylate from Dojindo
Chemical Institute, Kumamoto, Japan. A 50 mL porphyrin solution was prepared by dissolving 68.18 mg
of the free base porphyrin, [H2TMPyP]4?, in distilled
water. A standard Cu2? solution was used to standardize the porphyrin solution by using spectrophotometric titration (molar ratio method).27,46,47 Nickel
solution was prepared by dissolving the requisite
amount of NiCl2.6H2O (Merck, Germany) in an
aqueous solution and the concentration was measured
by using an atomic absorption spectrophotometer
(Perkin Elmer, AAanalyst 200). Sodium nitrate,
sodium hydroxide and hydrochloric acid were purchased from Merck, Germany. All the chemicals/
reagents were used without further puriﬁcation.
Tetracation nickel(II) porphyrin, [Ni(II)TMPyP]4?,
was prepared and absorption spectra were recorded in
water at pH 9.50 containing 0.10 M NaNO3. Absorption maximum (kmax) and molar extinction coefﬁcient
(e) of the prepared [Ni(II)TMPyP]4? complex were
436 nm and 114 9 103 M-1cm-1, respectively
(Figure 1).58
A stock solution of salmon ﬁsh sperm DNA, purchased from Sigma-Aldrich, was prepared by dissolving in distilled water and the concentration in
base pairs was determined by knowing the absorbance at kmax = 260 nm and using the molar extinction coefﬁcient, e260 =1.32 9 104 M-1cm-1.45,46 Stock
solution of the DNA was kept in a refrigerator at
-4 C. The frozen DNA solution was incubated in a
water bath at 37 C for an hour and diluted as
required before the experiment. Acetate/sodium
acetate and 2-[4-(2-hydroxyethyl)-1-piperazinyl]
ethanesulfonic acid (HEPES, Sigma-Aldrich) buffer

Figure 1. Absorption spectra of [Ni(II)TMPyP]4? complex with time at solution pH = 9.50 (25 C) in I = 0.10 M
(NaNO3). [Ni2?] = 1.00 9 10-3 M; [H2TMPyP]4? = 1.24 9
10-5 M. Progress of the formation of the [Ni(II)TMPyP]4?
complex was monitored by changing the absorbance of
[H2TMPyP]4? at kmax = 422 nm with time. The formation
time are as follows: (1): 0; (2): 5; (3) 10; (4): 20; (5): 30;
(6): 50; (7): 70; (8): 100; (9): 140; (10): 200; (11): 260 min,
respectively.

solution was prepared in 100 mL distilled water as
stock solutions and used with required dilution
throughout the experiments. pH of the HEPES solution (0.10 M) was adjusted to 7.40 upon addition of
either NaOH or HCl. In this work, distilled water was
used to perform all the experiments.
2.2 Speciation of Ni(II) complexes
Solutions of 5.00 9 10-3 M NiCl2 with changing
solution pH from 2.97 to 11.40, were prepared in
50 mL volumetric ﬂasks separately. The requisite
volume of sodium nitrate was added to each solution in
order to maintain ionic strength (I = 0.10 M). Solution
pH was adjusted by the addition of either HCl or NaOH
in acetate buffer ([Acetate] = 0.02 M). The UV-Vis
spectra of the Ni2? species were recorded by using a
double beam UV-Vis spectrophotometer (SHIMADZU,
Model UV-1800) within a range from 350 to 500 nm. A
number of Ni2? solutions (5.00 9 10-3 M) with different concentration of acetate ion ranging from 0 to
1.00 910-2 M was prepared under the same experimental conditions to investigate the interaction between
Ni2? and acetate ions and found no formation of Ni(II)acetate complex. A pH meter (HANNA HI 2211) was
used to measure the solution pH.
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2.3 Kinetics of formation of [Ni(II)TMPyP]4?
complex
Pseudo-ﬁrst order condition was kept constant
throughout the experiment in order to explore the
kinetics of the reactions between tetracationic freebase porphyrin and Ni2? species in I = 0.10 M
(NaNO3) at 25 ±1 C where the pH of the solutions
were varied from 2.97 to 11.05. The concentration of
Ni2? was varied from 0.50 9 10-3 to 5.00 9 10-3 M
while that for the porphyrin, [H2TMPyP]4?, was kept
constant at 1.24 9 10-5 M. The metalloporphyrin was
prepared by mixing the porphyrin solution with the
Ni2? solution in a 1-cm cell compartment and preequilibrated at 25 ±1 C. The change in the absorbance was monitored as a function of time at 422 nm
(kmax of [H2TMPyP]4?) by using a UV-Vis spectrophotometer (SHIMADZU, Model UV-1800). Formation of the [Ni(II)TMPyP]4? complex was
monitored by observing isosbestic points at 431, 490
and 546 nm in the visible region as the porphyrin
reacted with the Ni2? species. Appearing the isosbestic
points is conﬁrming the free-base porphyrin and
Ni(II)porphyrin complex are only the absorbing species. Figure 1 shows such a spectral pattern of the
formation of the [Ni(II)TMPyP]4? complex with time.
To obtain the observed rate constants (kobs), values of
ln(At-Aa) were plotted with time and found linearity
over two half-lives. Rate constants for the reactions
between the free-base porphyrin and Ni2? species
were determined by varying solution pH, nickel concentrations and ionic strengths. The duplicate runs
under the same conditions agreed within a 5% error. A
pH meter (HANNA HI 2211) was used to measure the
pH of the solution.
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DNA were observed at 446 and 431 nm, respectively.
Under the present experimental conditions, for 1.14 9
10-5 M of [Ni(II)TMPyP]4? and [H2TMPyP]4?, the
absorbance and luminescence spectra of the porphyrin
solutions were not affected by the species adsorbed on
the surface of the cell wall. These were conﬁrmed by
recording a UV-vis spectrum of ethanol-water after
discarding the analyte solution and found no peaks
from the ethanol-water. All the experiments were
carried out under room light. HEPES solution of
0.02 M (pH 7.40) was used throughout the experiment.
A pH meter (HANNA HI 2211) was used to measure
the solution pH.
3. Results and Discussion
3.1 Speciation of Ni2?
Speciation of Ni2? ion in aqueous solution in the
presence of 0.10 M of NaNO3 (I) at 25 ±1 C was
carried out to investigate the kinetics of the reaction
between the free-base porphyrin, [H2TMPyP]4?, and
the Ni2? species. In order to investigate the kinetics of
the metalation reaction, it is highly expected to know
the speciation of the relevant metal ion. This is
because the speciation diagram provides species distribution that is required to establish the reaction
mechanism for the relevant reaction. Figure 2 shows
the speciation diagram generated from the hydrolysis
constants of Ni2? species with the solution pH.59 As

2.4 Interaction of [Ni(II)TMPyP]4? complex
with DNA
The UV-Vis spectra of the free base porphyrin and
[Ni(II)TMPyP]4? complex upon addition of DNA
were recorded by using a double-beam UV-Vis spectrophotometer (UV-1800, Shimadzu, Japan). A ﬂuorescence spectrophotometer (F-7000, Hitachi, Japan)
was used to record the luminescence spectra for the
free base porphyrin and the Ni(II)porphyrin in the
presence of DNA. The ﬂuorescence emission wavelength was scanned from 550 to 800 nm by setting the
excitation wavelength at 446 and 431 nm for the
[Ni(II)TMPyP]4? and [H2TMPyP]4?, respectively.
This is because the isosbestic points for the binary
system of [Ni(II)TMPyP]4?-DNA and [H2TMPyP]4?-

Figure 2. Speciation diagram of Ni2? species as a
function of solution pH. The diagram is reproduced on the
basis of hydrolysis constants of Ni2?.59
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seen from Figure 2, the hexaaqua Ni2?, [Ni(H2O)6]2?
simply written as Ni2?(aq), species predominantly
exists from the acidic to even alkaline pH (*9.50) and
is converting to hydroxo species, [Ni(H2O)6-n(OH)n]2-n,
through successive replacement of the H2O molecule by
the OH- groups with increasing the solution pH. The
aqua-monohydroxo Ni2?, [Ni(H2O)5(OH)]?, species is
distributed from pH *7.90 to 11.00 with the maximum
distribution that observed at pH 9.50 (Figure 2). Like
Ni2?(aq) ions, the monohydroxo Ni2? ions, [Ni(H2O)5(OH)]?, are also aquatic species, thus they take part
in metalation reaction with the water-soluble free-base
porphyrin, [H2TMPyP]4?, signiﬁcantly in the aqueous
medium.
On the other hand, a small fraction of the dihydroxo Ni2?, [Ni(H2O)4(OH)2]0, species reacts with
the free-base porphyrin, [H2TMPyP]4?, because of its
very poor existence in the aqueous system under the
present experimental conditions. The solubility product for the dihydroxo Ni2? species is only KbS10 = 15.7, thus it starts to precipitate at pH *8.15 for 10-3
M of Ni2? solution.59 This causes the presence of a
small fraction of the [Ni(H2O)4(OH)2]0 species in this
study (Figure 2). According to the speciation diagram, the [Ni(H2O)4(OH)2]0 species is distributed
from pH *8.25 to the higher pH ( C 12.00) where
its maximum distribution is observed at pH *10.30
(Figure 2). It is expected that the reactivity for the
dihydroxo Ni2?, [Ni(H2O)4(OH)2]0, species towards
the free-base porphyrin, [H2TMPyP]4?, would be
higher than that of the monohydroxo, [Ni(H2O)5(OH)]?, species. This is because the dihydroxo species is electrically neutral, thus the [Ni(H2O)4(OH)2]0
species can easily approach the tetracationic porphyrin’s core without any Coulombic force of
repulsion while the unipositive aqua monohydroxo
Ni2?, [Ni(H2O)5(OH)]?, species could suffer from
the repulsive force. The dihydroxo Ni2? species
exists with a small fraction in the aqueous systems
because of its very low solubility product, KbS10 = 15.7, under the present experimental conditions
([Ni2?] = 10-3 M; I = 0.10 M, NaNO3), therefore, it
is reasonable to observe the less reactivity for the
[Ni(H2O)4(OH)2]0 species towards the [H2TMPyP]4?
as described in the kinetics section. The trihydroxo
Ni2?, [Ni(H2O)3(OH)3]- species is distributed from
pH 9.4 to the higher pH [ 12.00 while its distribution
is so small *1-2% at the experimental solution pH,
9.50 (Figure 2).
The UV-Vis spectral data also conﬁrm the stepwise
formation of the hydroxo Ni2?, [Ni(H2O)6-n(OH)n]2-n,
species as a function of the solution pH (Figure S1,
Supplementary Information). As mentioned above, the
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Ni2? exists in an aqueous system as hexaaqua,
[Ni(H2O)6]2?, species. The [Ni(H2O)6]2? species
shows the ligand to metal charge transfer (LMCT)
transition and the absorption maximum is centered at
kmax = 391 nm in the UV region (Figure S1, Supplementary Information). The LMCT transitions have
been assigned due to the charge transfer from bonding
or nonbonding p-orbital of ligand to high energy
antibonding dp*-orbital of the metal ion.60 The UVVis absorption spectra for Ni2? (1.0910-3 M) in
0.10 M NaNO3 solutions with different solution pH
are shown in Figure S1, Supplementary Information.
As seen from Figure S1, Supplementary Information,
the intensity of the peak centered at kmax 391 nm that
gradually decreases as a function of solution pH and
reaches at a ﬂat with the higher pH value, *10.30.
This result suggests that the hexaaqua Ni2?, [Ni(H2O)6]2?, species are converting to hydroxo, [Ni(H2O)62-n
, species through stepwise replacement of
n(OH)n]
the H2O by the OH- with increasing the solution pH
from 2.97 to 11.40. It is noted that the solution does
not show any clear absorption maxima between 350
and 450 nm at pH C 10.30. This is because of the
formation of the dihydroxo Ni2?, [Ni(H2O)4(OH)2]0,
species and then phases out from the aqueous solution
as Ni(OH)20 (KbS10 = -15.7), thereby resulting in
presence of an insigniﬁcant amount of the UV-active
species in the aqueous system (Figure S1, Supplementary Information).59 Therefore, it may conclude
that the hexaaqua Ni2?, [Ni(H2O)6]2?, species co-exists with the [Ni(H2O)6-n(OH)n]2-n [n = 1, ….,6] within
a pH range from *2 to 14 according to the following
equations:59
Ni2þ ðaqÞ þ OH



þOH

NiðOHÞþ ðaqÞ þ OH

NiðOHÞ

3

þ OH



þOH

NiðOHÞþ 2ðaqÞ þ OH


NiðOHÞþ ðaqÞ

þOH

 þOH

NiðOHÞþ 2ðaqÞ



NiðOHÞ 3

ð1Þ
ð2Þ
ð3Þ



NiðOHÞ2 4

ð4Þ

3.2 Kinetics of formation of [Ni(II)TMPyP]4?
complex
Changing the absorbance of the free base porphyrin,
[H2TMPyP]4?, at kmax = 422 nm with time is a signature to monitor the progress of formation of the
[Ni(II)TMPyP]4? complex. Thus, this event has been
taken into account to investigate the kinetics of Ni2?
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into the free base porphyrin, [H2TMPyP]4?, in an
aqueous medium at 25 ±1 C in I = 0.10 M (NaNO3).
The spectral pattern of the formation of the
[Ni(II)TMPyP]4? complex is shown in Figure 1. The
variation of the absorbance depicted as ln(At-Aa) was
plotted with time in order to achieve the observed rate
constants for the reactions between the [H2TMPyP]4?
and [Ni(H2O)6-n(OH)n]2-n species as a function of
solution pH.
The rate of formation of the [Ni(II)TMPyP]4?
complex is ﬁrst order with respect to the free base
porphyrin that can be written by the following
equation:




d H2 TMPyP4þ =dt ¼ kobs H2 TMPyP4þ
 2þ 

H2 TMPyP4þ
ð5Þ
¼ kf Ni
where kobs is the observed ﬁrst-order rate constant and
kf is the second order formation rate constant.
From the reactions between the [H2TMPyP]4? and
2?
Ni species at different solution pH, the observed
rate constants (kobs) were measured to explore the
reactivity of the various [Ni(H2O)6-n(OH)n]2-n species. The values of the observed rate constants for the
reactions of the free base porphyrins with the Ni2?
species as a function of solution pH are shown in
Figure 3. As seen from Figure 3, the observed rate
constant increases as a function of the solution pH
and goes to its maximum value at pH 9.50 and then
slows down as pH is being increased. The rising
trend for the rate constants almost remains constant
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until pH 6.60 and then increases sharply with pH.
These results suggest that the reacting species of the
Ni2? ion is mostly hexaaqua Ni2? ion, [Ni(H2O)6]2?
written as Ni2?(aq), within the pH range from 2.97 to
*8.00 which is one of the less reactive among the
[Ni(H2O)6-n(OH)n]2-n [n = 1, ….,6] species
(Figure 2).
Thus, at low pH (3.00-6.60) and 0.10 M NaNO3, the
main Ni2? species is hexaaqua, [Ni(H2O)6]2?, and
changes to monohydroxo [Ni(H2O)5(OH)?], dihydroxo [Ni(H2O)2(OH)20], trihydroxo [Ni(H2O)3
(OH)3-] and tetrahydroxo [Ni(H2O)2(OH)42-] species
as a function of solution pH that stated in equations 1–
4. In our previous study, it has also been reported that
Zn2? ion exists predominantly as a hexaaqua,
[Zn(H2O)6]2?, species at low pH (*2-5) in 0.10 M
NaNO3, and changes to hydroxo species stepwise and
ﬁnally converts to tetrahydroxo [Zn(OH)4-] species at
higher solution pH.34
As mentioned above, Ni2? ion predominantly exists
as hexaaquanickel(II), [Ni(H2O)6]2?, species at solution pH 3.0-8.0 and showed less reactivity in incorporation into the free base porphyrin, H2TMPyP4?. As
the distribution of aqua-monohydroxo, [Ni(H2O)5
(OH)]?, species increases, the reactivity of the Ni2?
ion also increases. As shown in Figure 3, the maximum observed rate constant is found at pH 9.50. This
result is conﬁrming the maximum distribution of the
[Ni(H2O)5(OH)]? species at pH *9.50 and thus
exhibited the highest reactivity towards the free-base
porphyrin, [H2TMPyP]4?. With increasing the solution pH, the distribution of the aqua-dihydroxo species
of Ni2?, [Ni(H2O)4(OH)2]0, is being increased. With
further increase the solution pH, the presence of aquatrihydroxonickelate(II), [Ni(H2O)3(OH)3]-, species is
also increased and thus Ni2? becomes less reactive
towards the free-base porphyrin, [H2TMPyP]4?.
Aqua-tetrahydroxonickelate(II), [Ni(H2O)2(OH)4]2-,
species will be eventually the predominant species at
the higher solution pH (*12.00).
Therefore, the rate of incorporation of Ni2? species
into the [H2TMPyP]4? (written H2P4? is the simplest
form of the [H2TMPyP]4?) is expressed by the following equations:


Ni2þ ðaqÞ þ H2 P4þ

Figure 3. Observed rate constants (kobs) with solution pH
within a range from 2.97 to 11.02 in I = 0.10 M (NaNO3) at
25 ±1 C. [Ni2?] = 1.00 9 10-3 M; [H2TMPyP4?] = 1.24 9
10-5 M.

þOH

Ni(OH)þ ðaqÞ þ H2 P4þ

NiP4þ þ 2Hþ

þOH



ð6Þ

NiP4þ þ H2 O + Hþ

ð7Þ

NiP4þ þ 2H2 O

ð8Þ



Ni(OH)2ðaqÞ þ H2 P4þ

þOH
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Ni(OH) 3ðaqÞ þ H2 P4þ
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þOH

NiP4þ þ 2H2 O + OHþ
ð9Þ



4þ
Ni(OH)2
4 ðaqÞ þ H2 P

þOH

NiP4þ þ 2H2 O + 2OHþ
ð10Þ

Since the reactivity of the aqua-tetrahydroxonickelate(II), [Ni(H2O)2(OH)4]2-, species towards the [H2TMPyP]4? is very poor and its negligible presence at
pH 9.50, thus, eqs. (10) can be ignored. Therefore,
eqs. (6) to (9) are taken into account in order to calculate the observed rate constants, kobs.
h
i
h
i
þ
þ
k
Therefore; kobs ¼ k1 Ni2þ
Ni
ð
OH
Þ
2
ðaqÞ
hðaqÞ
i
0
þ k3 NiðOHÞ2 ðaqÞ


þ k4 NiðOHÞ
3 ðaqÞ
ð11Þ
As described above, the speciation diagram exhibited the distribution of the Ni2? species, [Ni(H2O)62-n
, with solution pH, accordingly, their
n(OH)n]
kinetics were also different. According to equ (11), the
rate constants such as k1, k2, k3 and k4 belong to
hexaaquanickel(II), dihydroxonickel(II), trihydroxonickelate(II) and tetrahydroxonickelate(II) species,
respectively. Thus, the individual rate constant was
calculated by taking as a mean of the observed rate
constants. The calculated observed rate constants are
as follows: k1 = (0.62 ± 0.22) 9 10-2; k2 = (3.60 ±
0.40) 9 10-2; k3 = (2.09 ± 0.52) 9 10-2, k4 = (0.53 ±
0.04) 9 10-2 M-1s-1 at 25 ±1 C in I = 0.10 M
(NaNO3) where k2 [k3 [k1 [k4. From this sequence,
it is concluded that the aqua-monohydroxo Ni2?,
[Ni(H2O)5(OH)]?, species exhibited the highest reactivity among the Ni2? species in reacting with the
[H2TMPyP]4? where k2 = 3.60 ± 0.40 9 10-2 M-1s-1.
It has been reported that monohydroxozinc(II),
[ZnOH]?, species exhibited the enhanced reactivity
with non-N-substituted porphyrins where kZnOH? [
kZn2?(aq), which is comparable to that found in this
study.21,60-62 The enhanced rate constant has been
ascribed to the formation of hydrogen bonding
between the active oxygen atom of the hydroxo
ligands and the pyrrolic hydrogen atom of the [H2TMPyP]4?. The [ZnOH]? species also exhibited
enhanced reactivity towards N-p-nitrobenzyl5,10,15,20-tetrakis(4-sulfonatophenyl)porphyrin.31 It
is noted that the formation of hydrogen bonding
between the oxygen atom of the [ZnOH]? species and
the pyrrolic hydrogen atom of the free base porphyrin
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is responsible for the enhanced reactivity. In the
incorporation of Zn2? ion into the [H2TMPyP]4?, the
presence of hydroxo ligands of the Zn2? species
enhances the reactivity that obeys the following
sequence: kZn(H2O)4(OH)20 [ kZn(H2O)3(OH)- [
kZn(H2O)5(OH)? [ kZn(H2O)62?.34 The monohydroxotrichloroaurate(III) species, [AuCl3(OH)]-, also
showed enhanced reactivity towards the [H2TMPyP]4? where kAuCl3(OH)- [ kAuCl4- [ kAuCl2(OH)2[ kAuCl(OH)3-.27 Schneider (1975) reported that
monohydroxocopper(II), [Cu(OH)]?, species exhibited much more reactivity towards the same free base
porphyrin, [H2TMPyP]4?, compared to that of aquacopper(II), Cu2?(aq), species, i.e., kCu(OH)? [[
kCu2?.63 The oxygen atom of the [Cu(OH)]? species
forms H-bonding with the pyrrolic hydrogen atom of
the porphyrin core. This is the reason for its substantial
reactivity with the free base porphyrin. It is, therefore,
concluded that the presence of the OH- group of the
aqua-monohydroxo, [Ni(H2O)5(OH)]?, species make
possible for the formation of hydrogen bonding with
the pyrrolic hydrogen atom, thus the Ni2? species can
easily approach to the porphyrin’s core. The formation
of the hydrogen bonding and fast displacement of H2O
ligands from the Ni2? species enhance the reactivity of
the aqua-monohydroxo, [Ni(H2O)5(OH)]?, species.
However, the aqua Ni2?, [Ni(H2O)6]2?, species lack
the hydroxo (OH-) ligands, thus it might have less
approaching ability to the porphyrin’s core. This is the
reason for less reactivity of the Ni2?(aq) species
towards the [H2TMPyP]4? (k1 = 0.62 ± 0.22 9 10-2
M-1s-1). The hexaaqua Ni2? ion, [Ni(H2O)6]2?, carries
double positive charge that also decreases the reactivity of this species towards the tetracationic porphyrin, [H2TMPyP]4?. This is because of the
development of Coulombic force of repulsion between
the two positively charged species. It was expected to
observe the highest reactivity for the aqua-dihydroxo,
[Ni(H2O)4(OH)2]0, towards the [H2TMPyP]4?, however, Ni(OH)20 begins to precipitate at pH *8.20 for
10-3 M of Ni2? solution using the log KbS10 of -15.7
for the active Ni(OH)2 [Baes and Mesmer, 1976]. In
contrast, the aqua-dihydroxo species of Zn2?,
[Zn(H2O)4(OH)2]0, showed the highest reactivity
among the [Zn(H2O)6-n(OH)n]n-2 species towards the
free base porphyrin, [H2TMPyP]4?.34 Batinić-Haberle
et al. (1999) used Marcus plot in order to determine
the self-exchange rate constants for monohydroxoiron(III) porphyrins and aquamanganese(III) porphyrins, and they found that to be approximately 1
order of magnitude higher for the monohydroxoiron(III) porphyrins than those of aquamanganese(III)
porphyrins.4

83

Page 8 of 14

However, the hydroxospecies having a higher
number of OH- groups showed less reactivity towards
the [H2TMPyP]4? and the reactivity of the [Ni(H2O)62-n
species follows the decreasing sequence:
n(OH)n]
kNi(H2O)5(OH)? [ kNi(H2O)4(OH)20 [ kNi(H2O)3(OH)3(Figure 3). Habib et al. (2004) reported that AuCl3
(OH)- exhibited the highest reactivity towards the freebase porphyrin, [H2TMPyP]4?, among the [AuCl4-n
(OH)n]- (n = 0,—,4) species according to the following
sequence: kAuCl3(OH)- [ kAuCl2(OH)2- [ kAuCl(OH)3-.27
Paquette and Zador (1978) also reported that the
reactivity of Zn2? ion towards hematoporphyrin IX
decreases with an increasing number of the OH- group
coordinated to the Zn2? ion and the reactivity order
follows the sequence: kZn(OH)2- [ kZn(OH)3- [
kZn(OH)4-.60 Cabbiness and Margerum (1969) reported
that trihydroxocuprate(II), [Cu(OH)3]-, species shows
higher reactivity towards the hematoporphyrin IX than
the tetrahydroxocuprate(II), [Cu(OH)4]2-, i.e., kCu(OH)3[ kCu(OH)42-.32
It is noteworthy to mention that the OH- group
coordinated to the metal ion plays a crucial role in
enhancing the reactivity of the metal species towards
the [H2TMPyP]4?. This is because the oxygen atom of
the aqua-monohydroxo, [Ni(H2O)5(OH)]?, species
forms hydrogen bonding with the pyrrolic hydrogen
atom of the free base porphyrin, thus the aquamonohydroxo species can easily approach the porphyrin’s core. The easy approach of the aqua-monohydroxonickel(II) species enhances its reactivity. On
the other hand, the aqua Ni2?, [Ni(H2O)6]2?, species
lacks hydroxo ligand, so the aqua-species is incapable
to form hydrogen bonding with the pyrrolic hydrogen
atom. This is the reason for its less and/or least reactivity towards the [H2TMPyP]4?. However, the aquadihydroxo, [Ni(H2O)4(OH)2]0, species exhibited less
reactivity with the free-base porphyrin, [H2TMPyP]4?.
This is because the aqua-dihydroxonickel(II) species
take part in hydrolysis reaction at solution pH 8.20 and
then phases out from the aqueous system through
precipitation reaction at higher pH, e.g., 9.50. The
precipitation reaction causes lesser distribution of the
dihydroxonickel(II) species compared to the aquamonohydroxonickel(II) species at solution pH 9.50
(Figure 2). The anionic trihydroxonickelate(II),
[Ni(H2O)3(OH)3]-, species seems to be exhibited better
reactivity towards the cationic porphyrin ([H2TMPyP]4?), however, the presence of the higher
number of the hydroxo groups slows down its kinetics.27, 32,34,60 These results suggest that though the ﬁrst
OH- ligand is responsible for the formation of hydrogen bonding with the pyrrolic hydrogen atom, however, displacement of the remaining OH- seems slow.
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It has been reported that the OH- group is strongly
coordinated to the metal ion having d8 electronic
64
conﬁguration like Pt2? ion. The electronic conﬁguration of Ni2? is also d8, so their chemical properties
are supposed to be similar; hence the OH- groups are
also strongly coordinated with the Ni2? ion. Bailey
and Hambright (2003) reported that Cu2? ion exhibited the highest reactivity among the other ﬁrst transition metal ions, such as Zn2?, Co2? and Ni2?
towards the free base H2-BrP(4)4? and tricationic
H-BrP(4)3? porphyrins at 25 C in I = 0.10 M
(NaNO3) and the reactivity order was found to be Cu2?
[ Zn2? [ Co2? [ Ni2?.65 It is expected that the
reactivity of Ni2? among the divalent metal ions
towards the porphyrins would be less because of its d8
electronic conﬁguration. However, the presence of
hydroxo-ligands with the Ni2? species enhances its
reactivity in incorporation with the free-base porphyrin, [H2TMPyP]4?. Similar results have also been
observed for Au3? ion (d8 electronic conﬁguration)
towards the [H2TMPyP]4?.27
3.3 Observed rate constants (kobs) as a function
of the concentration of Ni2?
Kinetics of the incorporation of Ni2? ion into the
[H2TMPyP]4? with a variation of the concentration of
Ni2? (I = 0.10 M, NaNO3; pH 9.50) at 25 ±1 C has
also been studied in order to ascertain the formation
rate constant for the metalation reaction. The observed
rate constants (kobs) with a concentration of Ni2? were

Figure 4. Dependence of the observed rate constants
(kobs) for the reaction of [H2TMPyP]4? with on the
concentration of Ni2? in I = 0.10 M (NaNO3) at 25 ±1
C. [H2TMPyP4?] = 1.24 9 10-5 M; pH = 9.50.
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obtained by plotting the ln(At-Aa) vs time. The formation rate constant was obtained by plotting the
observed rate constants (kobs) with the concentration of
Ni2? as depicted in Figure 4. As seen from Figure 4,
the rate constant for the metalation reaction increases
with increasing the concentration of Ni2? and passes
through the origin (r2 = 0.999). This result suggests
that the metalation reaction depends on concentrations
of both reacting species and follows the ﬁrst-order
kinetics. The formation rate constant (kf) for the
[Ni(H2O)5(OH)]?/[H2TMPyP]4? was found to be 3.99
9 10-2 M-1s-1 in I = 0.10 M (NaNO3) at 25 ±1 C.
3.4 Observed rate constants (kobs) with ionic
strength
The rate constants of a reaction for opposite charged
reacting species decrease as the ionic strength
increases while that increase for the same charged
species.66 Figure 5 shows the dependence of the ionic
strength on the rate constants for the reaction between
the free-base porphyrin, [H2TMPyP]4?, and Ni2?
species in I = 0 - 10.0 9 10-2 M (NaNO3) at pH 9.50
where the experimental conditions were kept constant.
The observed rate constants (kobs) were obtained by
plotting the ln(At-Aa) vs time at different ionic
strengths (Figure 5). As seen from Figure 5, the
observed rate constants (kobs) exponentially decrease
with the ionic strengths. These results suggest that the
reacting compounds exist as oppositely charged species in solution, however, the speciation diagram is
indicating the existence of the monopositive monohydroxo Ni2?, [Ni(H2O)5(OH)]?, species at solution
pH 9.50. In our previous study, we also found the
retardation of the kinetics between the dihydroxo

Figure 5. Observed rate constants, (kobs), with ionic
strengths (NaNO3) at 25 ± 1 C. [H2TMPyP4?] =1.249
10-5 M; [Ni2?] = 1.00 9 10-3 M; Solution pH: 9.50.
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Zn2?, [Zn(H2O)4(OH)2]0, species and [H2TMPyP]4?
in the presence of NaNO3 (I = 0.10 M) and the net
charge of the porphyrin, [H2TMPyP]4?, was calculated to be ?3.4.34 The rate constants for the incorporation
of
monohydroxotrichloroaurate(III),
[AuCl3(OH)] , into the [H2TMPyP]4? also decrease
exponentially with ionic strength and the calculated
net charge of the free base porphyrin was found to be
?3.4 by using the Fuoss equation.27 However, in this
study, we found a less decreasing tendency of the rate
constants as the ionic strength increases. This may be
due to the existence of monopositive monohydroxo
Ni2?, [Ni(H2O)5(OH)]?, species in the aqueous solution at pH 9.50 (Figure 2 and Figure 5). Hambright
(2002) also reported that the rate constants for the
reactions of the [H2TMPyP]4? with Zn2? species
decrease as ionic strength increases, and the apparent
net charge of the tetracationic porphyrin was found to
be ?1.4 on the basis of the Bronsted-Bjerrum equation
[Hambright, 2002]. It seems that the direct reaction of
the dipositive Ni2? ion with the [H2TMPyP]4? is
strenuous, thus the presence of the nitrate ions causes
to reduce the repulsive force between the [Ni(H2
O)5(OH)]? species and the [H2TMPyP]4? by interacting with the positively charged tetracationic porphyrin that facilitates the formation of aggregates of
cation-anion with a lower positive charge. Thus, it is
assumed that the tetracationic free-base porphyrin,
[H2TMPyP]4?, carries a relatively lower charge than
the actual charge, ?4.0 and probably both the
monopositive monohydroxo, [Ni(H2O)5(OH)]?, and
neutral dihydroxo, [Ni(H2O)4(OH)2]0, species of Ni2?

Figure 6. Brønsted-Bjerrum plot for nickel incorporation
(1.00 9 10-3 M) into positive porphyrin, [H2TMPyP]4?,
using Debye-Hückel Limiting (DHL) ionic strength function in NaNO3 medium at 25 ± 1 C. Error bars represent a
variation of 1%.
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ion took part in the reactions with the free-base porphyrin, [H2TMPyP]4?, at pH 9.50.6,27,34
Figure 6 shows the Brønsted-Bjerrum plot for nickel
incorporation into the tetracationic porphyrin, [H2TMPyP]4?, where Debye-Hückel Limiting (DHL)
ionic strength function was applied. As seen from
Figure 6, regression coefﬁcient (R2), error bars and
slope for the plot are 0.974, 1% and -3.59, respectively. It is expected that the intercept for the plot of
logkobs vs HI should be zero, however, that is observed
as -0.273. This is because of the presence of inherent
ions that cause intrinsic ionic strength. Nwaeme and
Hambright (1984) studied the effects of ionic strength
on the rate of the reactions for both the positive and
negative porphyrins with divalent metal ions.67 They
reported that the rates of the reactions for positive
porphyrins with positive divalent metal ions increase
as increasing the ionic strength and that decrease for
oppositely charged reacting species with the ionic
strength. Williams et al. (1979) also reported the
anionic effect on the reaction rate for tetracationic
porphyrins in detergent solution.68
According to the speciation diagram (Figure 2), the
predominant species of Ni2? is monopositive monohydroxo, [Ni(H2O)5(OH)]?, at solution pH 9.50. Thus,
the rate of reaction of the tetracationic tetrakis(Nmethylpyridium-4-yl)porphyrin, [H2TMPyP]4?, with
the monopositive monohydroxonickel(II), [Ni(H2O)5(OH)]?, species should be increased with increasing the ionic strength, however, that decreases as a
function of ionic strength (Figure 5). These results are
suggesting the presence of anionic species of Ni2?
under the experimental conditions, however, speciation diagram (Figure 2) shows the presence of
monopositive monohydroxo, [Ni(H2O)5(OH)]?, species at solution pH 9.50. The monopositive Ni2?
species, [Ni(H2O)5(OH)]?, may associate with the
inherent anion, thus forms negatively charged inner
sphere reacting species in character such as ([Ni(H2O)5(OH)]?-inherent anion)-.63,69 The addition of
nitrate ion reduces the positive charge of the cationic
porphyrin at the transition state through the formation
of anion-cation-porphyrin adducts that causes the
decreasing reaction rates for negatively charged nickel
species.21,63,70

3.5 Interaction of [Ni(II)TMPyP]4? complex
and [H2TMPyP]4? with DNA
Figures 7a and b show the UV-vis spectral change of
the [Ni(II)TMPyP]4? complex and the free base porphyrin, [H2TMPyP]4?, upon addition of DNA,
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respectively. As seen from Figure 7a, a small
hypochromicity (* 13%) at k = 436 nm (kmax of
[Ni(II)TMPyP]4?) and a very small Bathochromic
shift (Dk = *1 nm) were observed upon addition of
DNA within a range from 0 to 7.96 9 10-6 M base
pairs into the [Ni(II)TMPyP]4? solution. However, the
free-base porphyrin, [H2TMPyP]4?, displayed a substantial hypochromicity (* 31%) at 422 nm (kmax of
[H2TMPyP]4?) and a wide Bathochromic shift (Dk =
17 nm) upon addition of the same DNA concentration
(0 to 7.96 9 10-6 M base pairs) (Figure 6b).
A ﬂuorescence spectrophotometer was also used in
order to investigate the interactions of the
[Ni(II)TMPyP]4? and the [H2TMPyP]4? with DNA
(Figure S2, Supplementary Information). As seen from
Figure
S2a,
Supplementary
Information
[Ni(II)TMPyP]4? complex exhibited a weak excitation
ﬂuorescence spectrum centered at 633 nm while the
free-base porphyrin, [H2TMPyP]4?, showed high
excitation ﬂuorescence spectrum centered at 660 nm
with a hump at *628 nm in the absence of DNA
(Figure S2b, Supplementary Information). The heavy
atom effect by the nickel causes weak intensity for the
[Ni(II)TMPyP]4? complex. In our previous study, we
also found weak intensities from the Ru2?-, Pd2?-,
Pt2?- and [Au(III)TMPyP]5? porphyrins in an aqueous
solution because of the heavy atom effect.45,46
The ﬂuorescence intensity for the [Ni(II)TMPyP]4?
complex is signiﬁcantly decreased upon addition of a
low concentration of DNA, and then increased with
further addition of DNA (Figure S2a, Supplementary
Information). The porphyrin molecules aggregate on
the negatively charged phosphate network of the DNA
molecules through self-stacking in the presence of a
low concentration of DNA, however, de-aggregation
occurs upon the addition of additional DNA. This
causes the increasing the ﬂuorescence intensity of the
metalloporphyrin.45,46
On the other hand, the intensity of the ﬂuorescence
centered at 660 nm did not change but the intensity of
the hump appeared at *628 nm is increased with a
low concentration of DNA into the [H2TMPyP]4?
solution. The intensity of the hump increases with the
addition of DNA and the ﬂuorescence spectrum is
ﬁnally centered at 630 nm (Figure S2b, Supplementary
Information). These results suggested that the cationic
free base porphyrin initially interacts with DNA via a
negatively charged phosphate network in the presence
of a low concentration of DNA, and then de-stacking
occurs upon further addition of DNA.45,46 From the
UV-vis and ﬂuorescence spectral results, it is conﬁrmed
that
both
the
metalloporphyrin,
4?
[Ni(II)TMPyP] , and the free base porphyrin interact
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Figure 7. Changes in UV-vis spectra of (a) [Ni(II)TMPyP]4? and (b) [H2TMPyP]4? in the presence of DNA of (1) 0, (2)
0.56 (3)1.12, (4) 3.33, (5) 4.43, (6) 5.52, (7) 6.06, (8) 6.88, (9) 7.42, (10) 7.96 910-6 M base pairs at pH 7.40 (HEPES).
Total concentration of porphyrin is 1.14 9 10-5 M. Cell path length is 10 mm.

with DNA but their modes of interaction are different.
As seen from Figure 6a, the hypochromicity and
Bathochromic shift (Dk) for the [Ni(II)TMPyP]4? are
only * 13% (at kmax 436 nm) and *1 nm upon
addition of high concentration of DNA, respectively.
These results suggested that [Ni(II)TMPyP]4? interacts with DNA via outside binding with self-stacking.41-46 However, the signiﬁcant hypochromicity (*
31% at 422 nm) and a wide Bathochromic shift (Dk =
17 nm) for the free base porphyrin upon addition of the
same amount of DNA conﬁrm its interaction with
DNA through intercalation.41-46 The presence of metal
ion in the porphyrin core is responsible for carrying
water molecules as axial ligands that make the bulkiness of the metalloporphyrin molecules. The large size
of the metalloporphyrin molecules interact with DNA
via outside binding rather than intercalation, however,
the free base porphyrin interacts with DNA via intercalation because of its smaller size that facilitates easy
excess into the DNA grooves. Metalloporphyrins that
are outside binders have catalytic effects to cleave
DNA,45,46,71,72 thus it is expected that the
[Ni(II)TMPyP]4? complex can be used as a
chemotherapeutic agent in the medical as well as in
the biological ﬁelds.

4. Conclusions
In this work, kinetics and mechanism of formation of
[Ni(II)TMPyP]4? have been studied at 25 ±1 C in I =
0.10 M (NaNO3) within a pH range from 2.97 to 11.40

in an aqueous medium. Speciation of Ni2? ions in an
aqueous medium has also been done in 0.10 M NaNO3
in order to provide the distribution of the Ni2? species
as a function of solution pH for the kinetic study. The
experimental data have been compared with the speciation diagram generated from the values of hydrolysis constants of Ni2? ion. The speciation data
exhibited the stepwise formation of [Ni(H2O)62-n
species as a function of solution pH.
n(OH)n]
Kinetic studies showed that aqua-monohydroxo,
[Ni(H2O)5(OH)]?, species showed the highest reactivity towards the free-base porphyrin, [H2TMPyP]4?.
The formation of hydrogen bonding between the
oxygen atom of the hydroxo-ligand of the [Ni(H2O)5(OH)]? species and the pyrrolic hydrogen atom of
the [H2TMPyP]4? enhances the reactivity of the aqumonohydroxonickel(II) species. Ionic strength effect
on the reaction rate is suggested that the tetracationic
porphyrin carries a charge less than ?4.0. It has been
expected that the rate of incorporation of the [Ni(H2O)5(OH)]? species into the [H2TMPyP]4? would be
slow but showed fast. From the UV-Vis and ﬂuorescence spectroscopic results, it is concluded that the
[Ni(II)TMPyP]4? complex and [H2TMPyP]4? interact
with DNA where UV-Vis data suggested that the
metallo-complex follows outside binding with selfstacking with DNA while the free base porphyrin
shows intercalation. An investigation of the application of the [Ni(II)TMPyP]4? complex with other
metalloprphyrins, for example, Zn2?-, Ru2?-, Pt2?-,
[Au(III)TMPyP]5? as anti-COVID-19 agents are now
in progress under the international collaboration.
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Supplementary Information (SI)
Absorption spectra of Ni(II) in 0.10 M NaNO3 solution at
25 ±1 0C within a pH range from 2.97 to 11.40, and ﬂuorescence spectra of [Ni(II)TMPyP]4? and [H2TMPyP]4? in
presence of DNA are available at www.ias.ac.in/chemsci.
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3. DeCamp D L, Babé L M, Salto R, Lucich J L, Koo M S,
Kahl S B and Craik C S 1992 Speciﬁc inhibition of
HIV-1 protease by boronated porphyrins J. Med. Chem.
35 3426
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