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Quenching of the singlet and triplet excited states of Zn(II) meso-tetrakis(N-methylpyridinium-4-yl)
porphyrin (ZnTMPyP4+) by methyl viologen dichloride (MvCl2) in aqueous solutions was studied using
steady state fluorescence and laser flash photolysis techniques. External and inner salts added to the
solution affect the photophysical properties of the ground and excited states of this ionic zinc porphyrin.
The non-covalent association complex between zinc porphyrin and methyl viologen ion pairs can
explain the electronic absorption spectral changes, which are enhanced in the presence of sodium chloride.
The singlet and triplet excited states quenching experiments, at high quencher concentrations, show
that the dynamic quenching is improved in the presence of sodium chloride and sodium sulfate,
respectively. The photoinduced electron transfer (PET) process between zinc porphyrin triplet and methyl
viologen, in the presence of sodium chloride, increases the triplet quantum yield. The efficiency of the
corresponding ion pair radical production (from PET) is affected by the presence of salts being smaller for
sodium chloride than for sodium sulfate. Good Arrhenius plots were obtained from the triplet decay
quenching rate constant and radical ion formation at three different methyl viologen concentrations. The
apparent activation energy (1.3–8.6 kcal mol�1) increases with the quencher concentration until the
diffusion activation energy in water is reached and is greater than the diffusion activation energy in
ethylene glycol. The electron transfer process associated with the quenching reaction is analysed in terms
of the contributions of free ions or ion pairs.

1. Introduction

Over the past years, substantial efforts have been directed to
mimic photoinduced electron transfer and charge separation
in photosynthetic reactions, aiming to understand the primary
process in photosynthesis and to establish systems for solar
energy conversion and storage.1 Several molecules have been
constructed with either covalent or non-covalently linked
acceptor and donor chromophores.2,3 Covalently linked sys-
tems are more difficult to obtain, however attention is focused
on their synthesis because they enable some control of donor–
acceptor separation as well as of their relative orientation.
Non-covalent interactions in molecules have been used to
investigate charge transfer in proteins and metalloproteins in
order to understand mutagenic damage resulting from reaction
between radical species and DNA4,5 or to investigate the stack-
ing ability of the DNA bases to facilitate charge transport.6,7

The thermodynamic driving force for the electron transfer
reactions, the nature of intervening medium, the molecular
structure and the distance and orientation between the donor
and the acceptor affect the rate of the reactions.2,3,8–10 In the
case of energy storage the main goal is to use such parameters
to produce radical ions of long lifetime usually obtained in self
assembled systems such as micelles,11–13 vesicles,14–17 cyclodex-
trins,18,19 zeolites20–22 or supramolecules like dendrimers23 and
so to understand how these factors can affect the separation
efficiency of radical ion pairs produced in photoinduced elec-
tron transfer. In the same way, strong electrolytes have been
used in order to increase the ionic strength and/or specific
interactions which can affect the efficiency of radical ion pair
formation and recombination.24,25

Metalloporphyrins play an essential role in electron trans-
port in natural systems.2,3,26 Methyl viologen with a low
reduction potential is a typical one-electron transfer acceptor
unit producing the methyl viologen radical which cleaves water
producing hydrogen (energy store) in the presence of catalysts
in photochemical donor–acceptor systems.26,27 The overall
electron transfer between Zn(II) meso-tetrakis(N-methylpyridi-
nium-4-yl)porphyrin (ZnTMPyP4+) excited states and methyl
viologen (Scheme 1) is affected by the strong electrostatic
repulsion involved between radical ion pairs firstly produced
in low quencher concentration.25,28 In this paper, the effects
of quencher (salt) concentration and the addition of other
salts such as sodium sulfate and sodium chloride on the

Scheme 1
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electronic absorption and fluorescence properties of
ZnTMPyP4+ and on singlet and triplet excited state quenching
processes are studied.

2. Experimental

2.1. Materials

The preparation of zinc porphyrin, ZnTMPyP4+, was
described previously.29 Sodium sulfate pro analysis and analy-
tical grade sodium chloride were purchased from Merck and
Riedel-de Haën, respectively. Methyl viologen (MvCl2) and
ethylene glycol were purchased from Sigma-Aldrich and used
without further purification. Water was bidistilled.

2.2. Equipment

The absorption spectra were recorded with a JASCO V-560
UV/VIS spectro-photometer. Fluorescence and excitation
measurements were recorded with a Perkin Elmer LS 50B with
the sample holder thermostated at 293� 0.5 K. Emission spec-
tra were instrument corrected. A 2.0 mm pathway for the
fluorescence cell was used for optical densities higher than
0.1 (10 mm) in order to reduce the filter effects. Fluorescence
decays were measured by the time-correlated Single Photon
Counting method using a Photon Technology International
LS 100 with the sample holder thermostated also at
293� 0.5 K. The transient absorption spectra and the kinetics
of the intermediates were carried out with laser flash photoly-
sis equipment consisting of a Nd:YAG Quanta-Ray GCR-3
Spectra-Physics laser with the second harmonic (532 nm, 9 ns)
as an excitation source. The probe light was filtered using a
cut-off filter < 380 nm to avoid methyl viologen absorption.
The detection of signals, digitisation and analysis (after 32
accumulations) are described elsewhere.12 For transient experi-
ments, the solutions were degassed with an argon flux for 30
minutes before carrying out the experiments.

3. Results and discussion

3.1. Steady state electronic absorption

The addition of MvCl2 salt up to 0.05 M does not change the
zinc porphyrin absorption and emission bands in the electronic
absorption and fluorescence spectra. The fluorescence quan-
tum yield and singlet excited state lifetime were also unaffected
in agreement with the literature reports.28 However, at higher
methyl viologen concentrations, a red shift in the absorption
bands is observed (Fig. 1). Similar behaviour is found in some
dyad systems between porphyrin and viologen units.30

The differential absorption spectra in Fig. 1b show the
changes in the porphyrin Q band region. These are a decrease
of the absorption band around 565 nm and an increase in
absorption around the 618 nm, 580 nm and >500 nm regions
with increasing methyl viologen concentration. In addition,
there are at least two clear isobestic points at 535 nm and
572 nm. The porphyrins can aggregate as dimers at large salt
concentrations; however, when zinc tetrakis(methylpyridyl)-
porphyrin is present in solutions with strong electrolytes such
as sodium sulfate and sodium chloride and in the absence of
methyl viologen, no spectral absorption and emission changes
are found.
The addition of sodium chloride to zinc porphyrin solutions

(in the absence of methyl viologen) leads to a reduction of
fluorescence intensity and singlet lifetimes (Fig. 2). This is
probably due to the binding coordination exchange between
the chloride ion and water molecule on the zinc metal ion
and consequently the enhancement of the non-radiative chan-
nel of zinc porphyrin due to the chloride heavy atom effect.
Irrespective of NaCl, the data clearly show a different and
specific effect on zinc porphyrin ground state spectra in the
presence of high concentrations of methyl viologen in the
solution suggesting a porphyrin–methyl viologen complex
association.
It is well known that methyl viologen can form ion pairs in

water solution, which can be detected, by conductivity and
spectroscopic measurements (references in Table 1).

Fig. 1 a) The normalised absorption spectra at Soret region with methyl viologen concentrations of 0 M (1), 0.05 M (2), 0.1 M (3), 0.2 M (4) and
0.4 M (5); and b) the absorption and differential absorption spectra of zinc porphyrin with methyl viologen concentrations of 0.05 M (10), 0.1 M
(20), 0.2 M (30), 0.3 M (40) and 0.4 M (50).
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MvCl2 Ð MvClþ þ Cl-

½MvCl2� ¼ Ka1 � ½MvClþ� � ½Cl-� ð1aÞ

MvClþ Ð Mv2þ þ Cl-

½MvClþ� ¼ Ka2 � ½Mv2þ� � ½Cl-� ð1bÞ

The equilibrium constants found in the literature for such
associations in ion pairs have a broad range (Table 1). In the
Fuoss36 equation (eqn. 2) the equilibrium constants depend
on the solution ionic strength, I.

Ka ¼
4pNaR

3
PQ

3000
e

jzPzQ jrC
RPQð1þkRPQÞ

rC ¼ e20
ekBT

and k ¼ 8pNarC
1000

� �1=2

� I1=2 ð2Þ

where k is known as the ionic atmosphere radii reciprocal or
the inverse Debye length. Na is the Avogadro number, zPzQ
is the species charge product and e is the static dielectric con-
stant of the medium corrected in the presence of external salt
by the relation e ¼ ew+2d*c. ew is the dielectric constant of
pure water, d* is the average of molar dielectric constant
depression coefficients of the electrolyte at 25 �C, and c is the
molar concentration of the salt.37 The static dielectric constant
decreases with temperature increase and the respective values
in water and ethylene glycol (see later) are taken from the lit-
erature.38 The parameter RPQ is the shortest distance between
the zinc porphyrin and methyl viologen centres RPQ

(Å) ¼ 10.3 (RZnTMPyP4+ ¼ 7 Å and RMv2+ ¼ 3.3 Å).
The ion concentrations depend on equilibrium constants

thus the calculation of such constants by eqn. 2 is self-consis-
tent until the differences between the species concentrations

from one cycle to the next do not change. According to the cal-
culated values, the association constants depend on the methyl
viologen concentration range and this may be the reason for
the disparity of values found in the literature. The values
described in Table 1 are the average ones for the range of con-
centrations used in this work.
The presence of methyl viologen ion pairs can explain the

zinc porphyrin spectroscopic properties, as observed before,
and can affect the photoinduced electron transfer (see later).
However, due to the complexity of the system studied, some
assumptions were made: a) only 1:1 association complexes
are taken into account; b) the zinc porphyrin, at much lower
concentration than methyl viologen, is associated as an ion
pair with chloride ions present in solutions; c) the association
complexes involving zinc porphyrin are uncharged and d)
ion pairs formed with external salt added are not taken into
account. These assumptions are based on the concentration
ranges of the experiment with the most important type of asso-
ciations calculated with the Fuoss equation (2).
The results presented so far suggest complex formation

between porphyrin and methyl viologen ion pairs (eqn. 3).
The non-covalent interactions in such complexes can be long
range electrostatic interactions and/or p–p interactions and
they have been observed in similar systems.39,40 It is interesting
to note in Fig. 1b the absorption increases around 618 nm with
methyl viologen concentration. It is well known that methyl
viologen in the reduced form has a characteristic absorption
in the 395 and 610 nm regions where the latter band is
broader.41 Unfortunately, at high methyl viologen concentra-
tions the spectrum at 400 nm has a strong absorption due to
the presence of ion pairs.33 However, the good comparison
at the 600 nm region is an indication of the charge transfer
band in the association complex between porphyrin and
methyl viologen ion pairs.

ZnTMPyPXð4�mÞþ
m þMvXð2�nÞþ

n

Ð ðZnTMPyPXð4�mÞþ
m ; MvXð2�nÞþ

n Þ ð3Þ

Although no specific changes were observed in the differen-
tial spectra in the presence and/or in the absence of strong
electrolytes (NaCl and Na2SO4) the association constants,
Ka , between porphyrin and methyl viologen ion pairs can be
obtained from the Hildebrand–Benesi type relationship42

(eqn. 4) for the 1:1 association complex.

A0

A� A0
¼ ðer � 1Þ�1 � 1þ 1

Ka½MvCl2�0

� �
ð4Þ

A�A0 is the differential absorption at the methyl viologen
initially added concentration [MvCl2]0 and er ¼ (ecomplex/
eporphyrin) the ratio of absorptivities at 565 nm. Instead of
straight lines through data points in Fig. 3, non-linear relation-
ships were found. As the points converge at high values of
methyl viologen concentration, it seems that the non-linearity
in eqn. 3 is related to the association equilibrium constant.
Under the assumptions described above for this complex sys-
tem there are many species involved in the equilibrium, as
described in eqn. 3. It is important to note that application
of eqn. 4 serves only to summarize the majority of associations
which are important to understand the system taking into
account the spectroscopic results. The Ka values between ion
pairs and zinc porphyrin species, in water solution, are
strongly influenced by the ion concentrations (eqn. 5), and
by the activity coefficients, in accordance with the Debye–
Hückel theory37,43 (eqn. 6).

Ka ¼
aIP

aAþaB�
¼ cIP

cAþcB�
� gIP
gAþgB�

¼ cIP
cAþcB�

� gIP
g2�

ð5Þ

ln g2� ¼ �jzPzQjrC � k
1þ ks

ð6Þ

Fig. 2 Salt effect on fluorescence quantum yield (open symbols) and
excited state singlet lifetime (close symbols). Na2SO4 (K) and
NaCl (`).

Table 1 Association constants for methyl viologen and chloride ion
pairs

Ka1/M
�1 Ka2/M

�1 Ref.

10 — 31

1.5 — 32

— 0.21 33

— >0.2 34

0.39 2 35

1.32 1.44 this work
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The presence of ion pairs reduces the ionic strength of the
medium. Then, the ionic strength at high methyl viologen con-
centrations, in the absence or presence of sodium chloride, is
calculated through the interactive process described before.
In the case of sodium sulfate, a literature value was introduced
for the association with methyl viologen (0.98 M�1).44 The pre-
sence of the sulfate anion reduces the concentration of MvCl+

and MvCl2 ion pairs. Once the ionic strength values are cor-
rected for the presence of methyl viologen ion pairs, these
values are used in the calculation of the activity coefficient
described by eqn. 6. Mean activity coefficients (g�) are used
in the Ka calculation because it was assumed that the associa-
tion complexes where the zinc porphyrin is involved are
uncharged species (gIP ¼ 1). Therefore the equilibrium con-
stant for the association equilibrium (eqn. 3) under the
Debye–Hückel theory is:

lnKa ¼ lnK0
a þ jzPzQjrC � k

1þ ks
ð7Þ

where K0
a is the value for zero ionic strength. The s value is

taken as the lowest mean radius between the zinc porphyrin
and methyl viologen, in other words, s (Å) ¼ RPQ/2. After
global analysis of all the data, the fitting curves in Fig. 3 were
obtained, with K0

a equal to 0.038 M�1 and er equal to 0.89. The
results show that association complexes of zinc porphyrin and
methyl viologen ion pairs in the presence of NaCl and Na2SO4

salts have average charge products that decrease with increas-
ing electrolyte concentration (Fig. 4). This can be interpreted
as production of more methyl viologen ion pairs, reflecting
the tendency of more uncharged methyl viologen ion pairs
involvement in association with zinc porphyrin (eqn. 3).
Another conclusion which can be taken from Fig. 3 is the
difference between the type of salt added to the solutions.
The effect of sodium sulfate is smoother than that of sodium
chloride. In other words, in the case of sodium sulfate the asso-
ciation seems to be closer to the system without salt (only
methyl viologen), while with sodium chloride the data are
almost linearly correlated with the inverse of methyl viologen
concentration. This indicates that the interaction between zinc
porphyrin and methyl viologen ion pairs involves the chloride
ion to a larger extent than the sulfate ion.

3.2. Steady state fluorescence quenching

The fluorescence quenching of the singlet excited state was
not observed at low methyl viologen concentration in
agreement with earlier studies.28 However, at high quencher

concentration, a reduction in fluorescence emission was
observed. This reduction cannot be simply accounted for by
the static contribution of the association complex. Further-
more, besides the steady state quenching, a much less efficient
dynamic quenching was also observed (Fig. 5a) and the
quenching rate constant obtained was kq ¼ 8.1� 108 M�1

s�1. This value is lower than the diffusion limited rate constant
in water at 25 �C (kd ¼ 7.6� 109 M�1 s�1) for neutral species
at the Smoluchowski limit, and close to the limit when the
charges are included in the estimation of the diffusion limited
rate constant.45 At such high quencher concentration, the Per-
rin process must be considered where there is a contribution
from the non-equilibrium statistical distribution of the
quencher molecules. Then, the fluorescence quenching can be
adjusted by eqn. 8:

F0

F
¼ ð1þ KSV � ½Q�Þ � ð1þ Ka � er � ½Q�Þ � expðVR � ½Q�Þ ð8Þ

Ka and er values were determined previously, and for methyl
viologen the dynamic quenching (KSV ¼ kq� t0) was also
known, therefore the active volume VR was obtained from
the fitting of eqn. 8 and, finally the radius of the active sphere
was calculated from eqn. 9 assuming the zinc porphyrin radius,

Fig. 3 Benesi–Hildebrand type plot for association between zinc porphyrin and methyl viologen at 0 M (1), 0.05 M (2), 0.15 M (3), 0.3 M (4) and
0.5 M (5) of Na2SO4 and 0 M (10), 0.15 M (20), 0.3 M (30), 0.9 M (40) and 1.5 M (50) of NaCl. The dotted lines are fitted curves.

Fig. 4 Charge product values for the fitting using eqn. 7 with sodium
sulfate (˘) and sodium chloride (L).
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RP , is equal to 7 Å.

R ¼ 3000� VR

4� p�Na
þ R3

P

� �1=3

ð9Þ

From eqn. 8 the static and dynamic contributions of the
fluorescence quenching were known and thus residual quench-
ing can be attributed to the non-equilibrium proximity
between the excited zinc porphyrin and the quencher mole-
cules. The active volume of 2.12 M�1 found corresponds to
the maximum distance of 10.6 Å between the centre of the
quencher and the zinc porphyrin molecules, which is close to
the values attributed to the RPQ .
When external salts were added to the solution, the zinc

porphyrin fluorescence quenching process occurred more
efficiently (Fig. 5b). The differences between the types of salt
added, where the quenching is more affected by sodium
chloride than sodium sulfate, can also be seen. Although good
linear correlations are obtained from the data (Fig. 5b) the
quenching rate constants calculated are somewhat higher than
the diffusion limited values. Discounting the static contribu-
tion and assuming that the active Perrin volume is independent
of the presence of external salts, the quenching process can be
corrected to recover the dynamic part (Fig. 5b, inset). Reason-
able results could be taken only at highest ionic strength. For
sodium sulfate and sodium chloride at concentrations lower
than 0.3 M and 0.9 M respectively, the dynamic part of the
quenching process is indistinguishable from that in the absence
of any salt. Data from fluorescence decays in the presence of
salt could not be obtained because of the very low quantum
yield and changes in lifetimes were not significant. However,
besides these problems, it is important to note that the
dynamic contribution of zinc porphyrin fluorescence quench-
ing by methyl viologen increases in the presence of salts. The
estimated quenching rate constants are shown in Table 2.

3.3. Triplet quenching

The triplet lifetime of zinc porphyrin in aqueous solution has a
wide range of values in the literature: 655 ms to �3.0 ms
depending on the experimental conditions such as the
amount of oxygen present and ionic strength.45 In our studies

in aqueous solution, ZnTMPyP4+ triplet lifetimes range
between 850 ms and 3.0 ms and the decays follow first order
kinetics. However, the triplet decays became faster and non-
exponential with small variations of the zinc porphyrin con-
centration in aqueous solutions with non-zero ionic strength.
The effect of the ionic strength on the triplet decay rate con-

stant is important in second order processes like triplet–triplet
annihilation and self-quenching by the ground state.46 Our
results confirm the presence of radical ions produced (around
400 nm) in the second order process. The results obtained from
numerical analysis of ZnTMPyP4+ triplet state decays (probed
at 470 nm) at different concentrations (varying zinc porphyrin
concentration and laser energy excitation) confirm such pro-
cesses at fixed ionic strength. Therefore, the kinetics involved
besides the natural triplet decay (kT) included a triplet bimole-
cular process such as triplet quenching by the ground state
(kTG ¼ 2.1� 107 M�1 s�1) and T–T annihilation
(kTT ¼ 3.9� 108 M�1 s�1) whose rate constants values are
close to the reported values.46

In the presence of sodium chloride or sodium sulfate, the tri-
plet decays deviate from exponentiality and a transient absorp-
tion appears around 400 nm. As in phosphate buffer solution,
the zinc porphyrin triplet undergoes bimolecular self-quench-
ing. The reactant molecules are charged; therefore, the ionic
strength can affect the radical ion production in bimolecular
processes. At the same ionic strength, the zinc porphyrin triplet
decay rate constant at 470 nm is more affected in the presence
of sodium chloride than in sodium sulfate (Fig. 6a, b). Further-
more, the presence of sodium sulfate practically does not mod-
ify the transient absorptions at 395 nm and 470 nm. However,

Fig. 5 The quenching of zinc porphyrin excited singlet by methyl viologen. (a) Fluorescence quantum yield (S) and excited state singlet lifetime
(˘), and (b) salt effect on fluorescence quenching quantum yield with 0 M (S), 0.15 M (˘), 0.3 M (L), 0.9 M (G) and 1.5 M (*) of NaCl. Inset:
Dynamic part of fluorescence quenching of zinc porphyrin excited singlet state by methyl viologen recovered. All the dotted lines are the fitting
curves.

Table 2 The kq values of zinc porphyrin quenching by methyl violo-
gen in the presence of external salts

Salt kq/10
9 M�1 s�1

NaCl (0.9 M) 2.0

NaCl (1.5 M) 6.7

Na2SO4 (0.3 M) 2.7

Na2SO4 (0.5 M) 2.6
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there is an increased triplet absorption at 470 nm with increas-
ing sodium chloride concentration, while the 395 nm absorp-
tion remained the same. Therefore, there is a specific effect
from the sodium chloride which is different from that of the
sodium sulfate salt. Again, the ability of chloride to coordinate
at the zinc metal on the metalloporphyrin can be responsible
for such differences. It seems that the chloride anion induces
the formation of more triplet states. However, the production
of radical ions by the self-quenching reactions is not affected
by both anions. As observed before, the singlet lifetime
decreases with the amount of sodium chloride added (Fig. 2)
with the increase of the triplet absorption at 470 nm. This
means that the singlet state quenching by chloride anion
enhances the formation of the zinc porphyrin triplet state.

The triplet lifetime shortens when MvCl2 concentration
increases (Fig. 7). Also, fast formation of the methyl viologen
radical ion can be followed by the absorptions at 390–400 nm
and at 600–610 nm. These regions are almost the same for
radical ions formed by the zinc porphyrin self-quenching reac-
tion in the absence of methyl viologen.
The external salt affects the efficiency of triplet self-

quenching of zinc porphyrin to produce the radical ions. Such
processes become secondary when good electron acceptors,
such as methyl viologen, are present in solutions where the tri-
plet quenching efficiency is improved (Fig. 6c, d). However, the
radical ion quantum yield (proportional to the ratio between
the radical ion and triplet state absorptions) decreases when
additional salts are present and the effect is more pronounced

Fig. 6 Zinc porphyrin triplet decays without methyl viologen at different salt concentrations of (a) 0 M (1), 0.05 M (2), 0.15 M (3), 0.3 M (4) and
0.5 M (5) of Na2SO4 and (b) 0 M (10), 0.15 M (20), 0.3 M (30), 0.9 M (40) and 1.5 M (50) of NaCl; and with 0.05 M of methyl viologen and Na2SO4

(c) and NaCl (d).

Fig. 7 Zinc porphyrin triplet decays at 470 nm and production of methyl viologen reduced form at 395 nm in different methyl viologen concen-
trations.
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in sodium chloride (Fig. 8). It is possible that sodium chloride
improves the triplet quenching by the methyl viologen and
improves the radical ion recombination, once the electrostatic
repulsions are reduced in such high ionic strength media.

3.3.1 Debye–Hückel–Bronsted analysis. The effect of ionic
strength on ionic species reaction rate constants is described
by eqn. 10 based on the Debye–Hückel–Bronsted47 model.

log k ¼ log k0 þ 2AzpzQ
ffiffiffi
I

p

1þ sb
ffiffiffi
I

p ð10Þ

where k0 is the rate constant at zero ionic strength, A ¼ 0.51
l1/2 mol�1/2 and b ¼ 3.29� 109 l1/2 mol�1/2 m�1 at 25 �C; the
parameter s was defined earlier. This equation is similar to
the one used above for the association equilibrium (eqn. 7).
When this model is applied to the bimolecular reaction stu-
died, the rate constant for zero ionic strength is equal to
4.7� 105 M�1 s�1, which is close to the value found in the
literature.28 The charge product of ionic species responsible
for the quenching in the absence of external salt is equal to
2.5. In the presence of salt, charge products are increased to
3.8 and 4.9 for sodium sulfate and sodium chloride, respec-
tively. The charge product values are smaller than expected
for free ion reactants (zPzQ ¼ 8) which may mean, on average,
that zinc porphyrin or methyl viologen or both are present as
ion pairs. Although reasonable linear correlations were found
by fitting (Fig. 9), some care has to be taken; it has been
observed, in a similar system but with the opposite charged
reagents that the collisional distance, at the diffusion con-
trolled limit, becomes smaller with increasing ionic strength,
leading to the vanishing of the Coulombic interaction between
the reactants.48 The size parameter, s, was not changed here
and used in the model for the collisional domain. Therefore,
the absolute values of charge products obtained from the fit-
ting have to be viewed carefully. Even so, the variation of
quenching rate constant with the ionic strength in Fig. 9 shows
again the differences caused by the addition of sodium chloride
and sodium sulfate.

3.3.2 Arrhenius treatment. The proposed mechanism for
the zinc porphyrin triplet quenching can be summarised as
depicted in Scheme 2. (P,Q)* is the encounter pair caged by
the solvent molecules formed by the diffusion of P* and Q.
Using the steady state approximation the kq measured in the

experiments is:

kq ¼ kd � ket
k�d þ ket

ð11Þ

where kd and k�d are the diffusion and dissociation rate con-
stants, and ket is the electron transfer rate constant.
Unlike the singlet state, the triplet state has a long enough

lifetime and since the concentration of this diffusional encoun-
ter pair is larger, this increases the probability that the intrinsic
reaction will occur. Therefore, the quenching rate constant
for the electron transfer reaction will depend on the lifetime
of the encounter complex. The parameters kd and k�d can be
estimated with eqn. 12–14.49

kd ¼ 2 �Na � kBT
3000 � Z � RP

RQ
þ RQ

RP
þ 2

� �

� 1

RPQ

R1
RPQ

r�2 exp½wðr;IÞ=kBT �dr
ð12Þ

k�d ¼ kBT

2p� Z� R2
PQ

:
1

RQ
þ 1

RP

� �

� exp½wðRPQ;IÞ=kBT �
RPQ

R1
RPQ

r�2exp½wðr;IÞ=kBT �dr
ð13Þ

where w(r,I) is the work required to bring the charged reac-
tants to the separation distance r in the presence of an ionic
atmosphere based on ionic strength I calculated by:

wðr;IÞ ¼ zPzQ:e
2

2 � e � r
expðk � sPÞ
1þ k � sP

þ expðk � sQÞ
1þ k � sQ

� �

� expð�k � rÞ ð14Þ

kB is the Boltzmann constant, Z the solvent viscosity. sP and
sQ are the sum of respective reagent molecular radius plus

Fig. 8 Production of methyl viologen reduced efficiency from zinc
porphyrin triplet at different salt concentrations.

Fig. 9 Debye–Hückel–Bronsted plot for the quenching decay rate
constants of zinc porphyrin triplet: in the absence of salt (˘), in sodium
sulfate (G) and in sodium chloride (L).

Scheme 2
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the dominant counter-ion radius in the ionic atmosphere, in
the case of chloride, 1.67 Å.49 The other parameters have
already been defined (in eqn. 2). In our work, we integrated
numerically by Simpson’s method, eqns. 12 and 13, in the
range RPQ ¼ 10.3 to 5000 Å. Depending on the k�d and ket
values, the reaction assumes different kinetics.
A good Arrhenius correlation between the triplet quenching

rate constant and the formation rate constant of reduced
methyl viologen with the reciprocal of temperature was found.
Table 3 shows the Arrhenius parameters in different media.
Bimolecular reactions have an intrinsic energy of diffusion.

In water, the activation energy value, calculated from the tem-
perature dependence of the solvent viscosity,38,50,51 is 4.0 kcal
mol�1 and in ethylene glycol it is 6.7 kcal mol�1. The viscosity
is also changed in the presence of ions,37,52 e.g. the activation
energy in 0.5 M of magnesium dichloride water solution52

(from Arrhenius correlation) is 3.7 kcal mol�1, a value close
to the bulk of water. From the results obtained (Table 3), only
in ethylene glycol is there an exception where the activation
energy of the electron transfer reaction between the zinc por-
phyrin triplet state and methyl viologen is higher than the sol-
vent diffusion activation energy, in the other cases they are
lower. It is known that when the activation energy is smaller
than the diffusion energy, this provides evidence for some com-
plex formation before the intrinsic reaction occurs.53 There-
fore, the diffusional mechanism in aqueous solution is
unlikely to be the controlling quenching process because the
activation energy is less than the energy necessary for the diffu-
sion of reactant molecules.
The values for diffusion rate constants and diffusional disso-

ciation rate constants can be calculated for the zinc porphyrin
charged as 4+ and methyl viologen charged as 2+ and using
the experimental results, kq , the ket values can be obtained
using eqn. 11. From the results shown in Table 4, the k�d

values are around two orders of magnitude higher than ket ,
which means that the activation energy for the reaction is inde-
pendent of the diffusion of species. The pre-equilibrium can be
assumed for the formation of the encounter pair where
kq�KD� ket , where KD is calculated by eqn. 15.

KD ðM�1Þ¼ kd
k-d

¼ 4p
3
�1000 �R3

PQ �Na � exp
�wðRPQ;IÞ

kBT

� �
ð15Þ

Therefore, if the Arrhenius relation is applied, the apparent
or observed activation energy, Ea , can be defined as:

Ea ¼ E0
a þ DHDðRPQ; IÞ ð16Þ

where DHD(RPQ , I) is the enthalpy of the encounter pair for-
mation obtained from the van’t Hoff plot of eqn. 15, since
w(RPQ , I) is also temperature dependent. Using the same para-
meter values for the results in Table 4, the KD values for each
example in Table 3 are calculated. The intrinsic barrier, E0

a,
values were very close to the apparent activation energies.
The small negative values found for DHD(RPQ , I) are due
mainly to the ionic strength attenuating the Coulombic repul-
sions, which increase with temperature.
The electrostatic interaction can also contribute to the pre-

exponential values obtained from Arrhenius plots (Table 3)
that are proportional to exp(DSz

C/kB). The electrostatic contri-
bution to the entropy of activation DSz

C at constant pressure
can be calculated by the temperature gradient of the electro-
static free energy contribution that can be estimated from
w(RPQ , I). The DSz

C values show an increase when the concen-
tration of ionic quencher increases. The same trend is observed
in the pre-exponential values (Table 3).

3.3.3 Electron transfer. The value of ket , in eqn. 11, can be
calculated from the classical description of nonadiabatic rate
constant electron-transfer reactions:9,54

ket ¼ n exp �DG�

kBT

� �
ð17Þ

where

n ¼ 4p2V2

hð4plkBTÞ1=2
ð18Þ

and

DG� ¼ ðlþ DG0Þ2

4l
ð19Þ

h is the Planck constant and V is the electronic coupling related
to vibration of reacting species and l, the free energy of reor-
ganisation. DG0 is the energy determined by the redox poten-
tials of the reacting species from the excited state, equal to
0.003 eV,28 plus the work terms (wP�wR) calculated by eqn.
14 with the inclusion of ionic strength effect.10

According to eqns. 17–19 the intrinsic activation energy in
zinc porphyrin triplet quenching by methyl viologen is the
free-energy barrier DG*. Using the linear form of eqn. 17,
the relationship between ln(T1/2� ket) and T�1 should be
observed. Indeed, DG* is obtained (0.07–0.39 eV) directly from
the slope in the good linear fitting curves in Fig. 10a. l is cal-
culated with eqn. 19 (0.27–1.57 eV) and, finally, V is obtained
from intercept values of the curve fittings and l (0.0002–0.082
eV). Different values for kd and k�d (for the two limit cases of
free ion and ion pair reactants) will result in different values for
ket and consequently different values for the electron transfer
parameters. Although the l values obtained here are in the
range of typical values, they are on average smaller than the
values obtained from similar systems with non charged reac-
tants (1.1–1.3 eV).55

The solvent reorganisation energy, lS , can be calculated
(eqn. 20) using the dielectric continuum model of Marcus,54,56

where n is the index of refraction of the solvent of dielectric
constant eS and the rest of the parameters are as previously
defined.

lS ¼ e2

4pe0

1

2RP
þ 1

2RQ
� 1

R

� �
1

n2
� 1

eS

� �
ð20Þ

Table 3 Arrhenius parameters from the triplet zinc porphyrin
quenching by methyl viologen (r2 ¼ 0.909–0.991)

[MvCl2]/M A/109 M�1 s�1 Ea/kcal mol�1

0.005 0.014 1.3

0.05 0.079 1.6

0.20 2.47 3.5

0.033a 1169 8.6

a In ethylene glycol.

Table 4 Diffusion rate constants, diffusional dissociation rate con-
stants and electron transfer rate constants from eqn. 11 for free ion
reactants

[MvCl2]/M kd/10
9 M�1 s�1 k�d/10

9 s�1 KD/M
�1 ket/10

7 s�1

0.001 0.4 16.6 0.02 2.6

0.002 0.6 16.2 0.03 2.5

0.004 0.8 15.8 0.05 2.6

0.005 0.9 15.5 0.06 2.5

0.007 1.2 15.1 0.08 2.2

0.011 1.5 14.5 0.10 2.4

0.050 3.8 10.7 0.35 1.2

0.100 5.2 8.6 0.59 1.0

0.200 6.4 6.9 0.92 0.6

0.400 7.2 5.6 1.28 0.4
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Therefore, the solvent reorganisation energy, lS , for
R ¼ RPQ ¼ 10.3 Å and bulk water is 1 eV.
Besides lS there are two other small contributions to l; the

contribution of the inner sphere arising from the activation of
frequency modes within the precursor complex, and the contri-
bution of the ionic atmosphere which surrounds each charged
reactant.56 If these effects are computed the total reorganisa-
tion energy estimated for l will be higher than the values
obtained.
The distance R considered for the calculation of lS is nor-

mally the geometric distance between the centres of the donor
and acceptor assuming the reactant molecules are spheres and
the medium is a continuous dielectric. However, there are cases
reported where the effective distance of the electron transfer is
quite different from the sum of the reactant radii.57 Electron
transfer at such small distances has also been observed in a
porphyrin–viologen dyad system.58

Although such corrections in the overestimated lS have been
reported,57,59 it is important to regard the effect of high con-
centration of methyl viologen where the presence of ion pairs
can alter the potential energies of the reacting species.
The possibility that reactant ion pairs are involved in the

electron transfer process has been included for methyl viologen
in aqueous solution and for the low dielectric constant medium
ethylene glycol. The results show that except for methyl violo-
gen at 0.005 and 0.05 M, the l values are higher than lS esti-
mated using the contact radii (including the counter ions
radii). In this case accounted for by the ion pairs, the internal
reorganisation free energy can be relevant.

3.3.4 Simulation curves for kq. It is clear that the values of
electron transfer rate constants obtained from eqn. 11 depend
on the models and approximations used to calculate the diffu-
sion and dissociations rate constants, kd and k�d . Therefore,
all the other parameters obtained from Marcus theory for
the electron transfer in eqns. 17–20 within the temperature
experiments are also dependent on the previous models.
However, if such parameters and approximations are applied
to predict the quenching rate constant of the zinc porphyrin
triplet state by the methyl viologen in aqueous solution at
298 K, a very nice agreement is observed. In Fig. 10b, the

experimental values of kq agree with the calculated ones at
quenching concentrations lower than 0.05 M when the param-
eters used apply to free ion reactants. In this situation the
electron transfer parameters change little and the intrinsic elec-
tron transfer rate constant ranges within 1.2–2.8� 107 s�1.
Therefore, the quenching rate constant reaction has a larger
contribution from kd and k�d (because of electrostatic repul-
sion). In the high concentration region, the experimental
points are below the predicted curve. However, this was
expected since the ion pair associations become important
(QR ¼ 0, QP ¼ �1) and occur in two likely cases: (i) methyl
viologen concentration higher than 0.05 M in water and (ii)
low dielectric solvents (ethylene glycol). In such cases, the elec-
trostatic repulsion between the reactants is absent and there-
fore, the contribution of intrinsic electron transfer rate
constant to the kq values is more significant.

4. Conclusions

In this work, the effect of ionic strength caused by high
quencher (salt) concentration or external salt (sodium sulfate
and sodium chloride) was studied in the association of two
charged species, zinc porphyrin and methyl viologen. It was
observed that the addition of salts improves the association
between the ion pairs. In addition, a specific effect caused by
the chloride ion due to its zinc coordination ability was
observed causing a reduction in zinc porphyrin excited state
(singlet or triplet) lifetime and an enhancement in the quench-
ing reaction by methyl viologen. However, the yield of radical
ions produced in this reaction is reduced when the salts are
present, notably for the case of sodium chloride. In such a
complex system the electron transfer process in the quenching
reaction was analysed in two extremes cases (free ions and ion
pairs) resulting in parameter values that have to be considered
carefully due to the assumptions and models applied.
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Fig. 10 (a) The ln(T1/2� ket) and T�1 plot, where ket is the electron transfer rate constant after correction of diffusion and dissociation rates in
MvCl2 concentration equal to (1) 0.005 M, (2) 0.05 M and (3) 0.2 M in water and (4) 0.033 M in ethylene glycol. (b) Ion concentration effect in zinc
porphyrin triplet quenching rate constants for experimental points (˘). The theoretical curves are for the cases in aqueous solution at 0.05 M con-
centration of MvCl2 (—) QR ¼ +8, QP ¼ +5, RPQ ¼ 10.3 Å, l ¼ 0.41 eV and n ¼ 5.83� 108 s�1 (free ions); (---) QR ¼ 0, QP ¼ �1, RPQ ¼ 20.3
Å, l ¼ 0.33 eV and n ¼ 6.2� 106 s�1 (ion pairs).
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