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Abstract With the aim of mimicking, at basic level the
photoinduced electron transfer process in the reaction center
of photosystem II, ruthenium(II)-polypyridyl complexes,
carrying amino acids were synthesized and studied their
photoinduced electron transfer reactions with quinones by
steady state and time resolved measurements. The reaction
of quinones with excited state of ruthenium(II)-complexes,
I–V in acetonitrile has been studied by luminescence
quenching technique and the rate constant, kq, values are
close to the diffusion controlled rate. The detection of the
semiquinone anion radical in this system using time-resolved
transient absorption spectroscopy confirms the electron transfer
nature of the reaction. The semiclassical theory of electron
transfer has been successfully applied to the photoluminescence
quenching of Ru(II)-complexes with quinones.
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Introduction

Ruthenium(II)-polypyridyl complexes, [Ru(NN)3]
2+ are having

unique and advantageous photophysical properties [1, 2].
The application of [Ru(NN)3]

2+ complexes are varied from
solar energy conversion [3–5] as photocatalysts [6–8] sensors
for biomolecules [9–11] to phototherapeutic agents [12, 13].
The excited state properties of these complexes can be
varied systematically by changing the structure of the ligands
[1, 14, 15]. For instance several amide moiety incorporated
polypyridyl ligands have been synthesized to mimic the
function of peptides and proteins and these were used for
the synthesis of ruthenium(II)-polypyridyl complexes
[16–19]. Metal containing amino acids and peptides are
key components for the study of photoinduced energy and
electron transfer processes [15–29]. These organic–inorganic
hybrid molecules have been assembled via different routes:
(i) metal complexes coordinate to the donor-containing nat-
ural amino acids (e.g.histidine) [21] (ii) attachment of metal
complexes to peptide termini [24, 25] (iii) synthesis of
chelator ligands which contain amino acids followed by
metal coordination [20, 26–29].

In Photosystem, quinones are ultimate electron acceptors,
on excitation of primary electron donor chlorophyll, P680, with
a light quantum, an electron is transferred to the primary
electron acceptor, phenophytin and subsequently to the qui-
nones QA and QB [30–33]. Quinones are appear to be
predestined as electron acceptors in nature for a variety of
reasons and some key factors are (i) quinones possess favor-
able redox potentials, (ii) they can be converted stepwise into
stable reduction products such as hydroquinones via
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semiquinones, (iii) they are capable of forming hydrogen
bonds and (iv) they are relatively small molecules with a high
mobility and, as a result, can shuttle redox equivalents to the
quinone pool [34]. In order to understand the electron
accepting properties of quinones in natural photosynthesis,
several model photosensitizers (metal-porphyrin,
ruthenium(II)-polypyridyl complexes) have been designed
and ET reactions with quinones, inter- and intramolecular
have been studied [20, 35–39]. In these reactions the forma-
tion of semiquinone anion radical as the transient has been
established using time resolved techniques [40]. In order to
mimic the important light driven process in photosystem II,
many efforts have been made in recent years where Ru(II)-
polypyridine complexes were used as model photosensitizers
and quinones as electron acceptors. Herein, we report a detailed
study on the excited state electron transfer reactions of Ru(II)-
polypyridyl complexes carrying amino acids with quinones
using steady state and flash photolysis measurements. The
formation of quinone anion radical has been studied using the
transient absorption techniques. Semiclassical theory of elec-
tron transfer is applied successfully for the photoluminescence
quenching of ruthenium(II)-complexes with quinones.

Experimental Section

Materials and Methods

The ligand 2,2′-bipyridine (bpy), quinones and RuCl3.3H2O
were obtained fromMerck and Aldrich and used as such. The
ligands and ruthenium(II)-complexes I–V were synthesized
by known reported procedures [20, 38]. The details of exper-
imental methods were given in the Supporting information.

Determination of Bimolecular Luminescence Quenching Rate
Constants

The luminescence quenching of excited state Ru(II) complexes
I–Vwith quinones has been studied by luminescence intensity
quenching technique. The luminescence measurements were
performed at different quencher concentration and the
quenching rate constant, kq, values were determined from the
Stern-Volmer plot using the equation given below [2].

I0=I ¼ 1þ Ksv Q½ � ¼ 1þ kqτ0 Q½ � ð1Þ

Where I0 and I are the luminescence intensities of Ru(II)
complexes in the absence and presence of quencher respec-
tively, Ksv, the Stern-Volmer constant, [Q] is the concentration
of quencher, τ0 the luminescence lifetime of the Ru(II) com-
plexes in the absence of quencher and kq, is the bimolecular
quenching rate constant.

Results and Discussion

Photophysical Properties of Ruthenium(II)-Complexes

The structure of the ruthenium(II)-complexes (I–V) used in the
present studywere shown in Chart 1. The electronic absorption
and emission spectroscopic data, excited state lifetime and
excited state redox potential data for ruthenium(II)-complexes
(I–V) measured in acetonitrile are listed in Table 1. The ab-
sorption and emission spectra of all five complexes (I–V)
exhibit the characteristic bands found in the parent
ruthenium(II) complex, [Ru(bpy)3]

2+ and its derivatives [35,
36]. The intense absorption band at ~288 nm is assigned to
ligand centered transitions (π-π*) and the band in the visible
region (455–458 nm) to the metal-to-ligand charge transfer
(MLCT) transition (dπ(Ru) → π*(ligand)). The absorption
and emission spectra of ruthenium(II) complex, V,
[Ru(bpy)2(4-Me-4′-(CONH-L-phenylalanine ethyl ester)-
2,2′-bpy)](PF6)2 in CH3CN is shown in Fig. 1. The
ruthenium(II) complexes I–V exhibit intense and long lived
luminescence in acetonitrile solution at 298 K. The emission
maxima of complexes I–Voccur at 621–644 nm in acetonitrile
at 298 K (Table 1). It has been well established that, the excited
state properties like emission energy and lifetime of the
ruthenium(II)-polypyridine complexes can be finely tuned by
introduction of different functionalities onto the ligand systems
and medium [20, 41, 42]. The emission energy of the Ru(II)
complexes used in the present study is slightly lower than that
of parent complex, [Ru(bpy)3]

2+ and this can be attributed to
the acceptor character of the ligand orbital. This in turn is due
to the presence of the low lying π* orbital of the carboxylic
acid and amide containing diimine ligands owing to the electron
withdrawing nature of –CO2H and amide functionality
[18–20, 41, 42]. Though λmax of MLCT absorption of all
complexes is red shifted only to the tune of 6–8 nm compared
to that of parent complex, [Ru(bpy)3]

2+, the emission maxi-
mum is red shifted to the tune of 16–24 nm when the amino
acid moiety is introduced in the bpy ligand.

Reactions of Excited State I–V with Quinones

The structures of the quenchers used in the present study are
shown in Chart 2. The reactions of excited state I–V with
quinones have been studied by luminescence quenching tech-
nique and the observed quenching rate constant, kq, data are
collected in Table 2. The kq data given in Table 2 show that the
value of kq is sensitive to the reduction potential of quinones.
Quinones form ground state complexes with [Ru(NN)3]

2+ due
to charge transfer and π-π stacking interactions which is sup-
ported by spectroscopic changes and positive shift in the reduc-
tion potential of quinones. In order to check the ground state
complex formation between Ru(II) complexes I–V and
quinones we recorded the absorption spectrum of a mixture of
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a Ru(II) complex and quinone using concentrations of reactants
similar to those used in the quenching studies. The absorption
spectra of these mixtures were shown to be equal to those
expected by adding the spectra from separate solutions of donor
and quencher. No evidence was obtained for the formation of
the ground state complex between Ru(II) complexes, I–V and
quinones, under the experimental conditions used, based on
absorption spectroscopic studies (Figures S1–S2). From the
redox potential data shown in Table 1, the values of free energy
change ΔG0, for the photoinduced electron transfer between
the excited state of I–Vand quinones have been calculated (vide

infra). It is apparent from the data in Table 2 that quinones with
higher reduction potentials exhibit higher quenching rate con-
stants, a trend that is indicative of electron transfer quenching.

Stern-Volmer Analysis

The emission intensities (I) of complexes I–V, are efficiently
quenched in the presence of quinones in acetonitrile and are
analyzed in terms of the Stern-Volmer relationship (Eq. 1).
Figure 2 shows that the change of emission intensity of
complex, V with different [DCBQ]. A typical Stern-Volmer

Chart 1 Structure of ruthenium(II)-complexes

Table 1 Absorption maxima, λabs
max, nm, emission maxima, λem

max, nm, excited state lifetime (in ns) and the redox potential values of Ru(II)-
polypyridyl complexes I–V in acetonitrile at 298 K

Complex Absorption maxima, nm Emission maxima, nm Excited state lifetime, ns Eoxd
0 ,V ERu

*3+/2+,V

[Ru(bpy)3]
2+ 450,423,288 620 850 +1.26 −0.84

[Ru(bpy)2(cmbpy)] , I 455,288,246 621 995 +1.36 −0.74
[Ru(bpy)2(mbpy-ala)], II 456,287,245 636 1,224 +1.37 −0.73
[Ru(bpy)2(mbpy-tyr)], III 458, 288,246 644 1,250 +1.32 −0.78
[Ru(bpy)2(mbpy-met)], IV 457,287,246 636 721 +1.39 −0.71
[Ru(bpy)2(mbpy-phe)], V 458,288,247 640 1,280 +1.35 −0.75
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plot for the oxidative quenching of IVwith quinones obtained
from luminescence intensity measurements is given in the
Fig. 3. The linearity of the Stern-Volmer plot indicates that
there is no ground state complex formation between Ru(II)
complex and the quencher (vide infra). The emission decay
times of ruthenium(II)-complexes decreases with increasing
concentration of the quenchers. No deviation from the single
exponential decay could be detected even at the larger con-
centrations of the quenchers employed. The χ2 of the fitting
were always in the range of 1.01–1.20, while applying bi-
exponential or multi-exponential decay models to the analysis
of the emission decays do not lead to significant improve-
ments of χ2 or residuals plots. Figure 4 represents the lifetime
quenching of complexes IV and V with different concentra-
tions of 2,6-dichlorobenzoquinone.

The linear Stern-Volmer plots and the kq values obtained
from luminescence measurements suggest that the quenching

of complexes I–V, with quinones is dynamic in nature and the
quenching process can be explained using Scheme 1. Accord-
ing to Scheme 1, the excited state donor (*RuII) and the
ground state acceptor (quinone) molecules diffuse together
to form an encounter complex, (*RuII...Q). This encounter
complex then undergoes a reorganization to reach the transi-
tion state where ET takes place from the donor to the acceptor
to give an ion-pair species, (RuIII...Q−), the successor complex.
The parameters k12 and k21 are the diffusion-controlled rate
constants for the formation and dissociation of the encounter
complex (*RuII ... Q), respectively. The k23 and k32 are the
forward and reverse ET rate constants. Apart from the back
electron transfer to form the precursor complex (k32) the ion-pair
state, (RuIII ... Q−.), can form the separated species RuIII ... Q−

(ksep) and undergo back electron transfer to form the reactants in
the ground state (k34).

In order to treat the dynamic quenching process in terms of
thermodynamic function (ΔG0), we correlated the electron
transfer rate constant, k23, values estimated from the kq values
with the free energy change (ΔG0) of the electron transfer
process (cf. Eq. 3 for details of calculating k23 from kq). The
plot of log k23 vs ΔG0 is shown in Fig. 5 and the electron
transfer rate constant increases with increasing the driving
force (ΔG0) of the electron transfer reaction and attains satu-
ration at high −ΔGo values.

Transient Absorption Spectra

To confirm the electron transfer nature of the reaction from the
excited state Ru(II) complexes I–V to quinone, transient ab-
sorption spectrum of the reaction mixture has been recorded
using flash photolysis technique. Argon bubbled acetonitrile
solutions of Ru(II) complexes were excited at 355 nm under
laser flash photolysis. The transient difference absorption
spectra of complex V in CH3CN at various time delays are
shown in supporting information (Figure S3). The spectrum,
at each time delay, consists of bleach around 450 nm due to
the loss of ground state absorption, dπ-π* (MLCT) transition
and a positive absorption with maxima centered at 370 and

Fig. 1 Absorption and emission spectra of complex V, [Ru(bpy)2(4-Me-
4′-(CONH-L-phenylalanine ethyl ester)- 2,2′-bpy)] in acetonitrile at RT

Chart 2 Structure of quinone used in the present study

Table 2 Bimolecular quenching rate constants, kq, for the oxidative
quenching of *[Ru(NN)3]

2+ complexes by quinones in CH3CN at 298 K

Quencher kq, M
−1 s−1

I II III IV V

TCNQ 2.0×1010 1.5×1010 1.0×1010 2.1×1010 2.0×1010

CA 1.1×1010 8.6×109 9.0×109 1.7×1010 1.5×1010

DCBQ 1.0×1010 8.2×109 9.1×109 1.3×1010 9.9×109

BQ 6.2×109 7.9×109 8.0×109 9.9×109 1.4×109

MBQ 1.6×109 2.4×109 4.3×109 3.1×109 2.0×109

NQ 4.1×109 3.8×109 4.4×109 4.1×109 4.9×109
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555 nm corresponding to the formation of substituted
bipyridyl anion radical (L−) [17–20, 43–45]. Quenching and
the progress of the reaction of the long-lived excited state of
[Ru(NN)3]

2+ with tetrachlorobenzoquinone (chloranil, CA)
was followed using time-resolved absorption studies by
means of <8 ns laser width at 355 nm excitation. Figures 6
and 7 show the transient absorption spectra of II and IV
recorded in the absence and presence of 100 μM chloranil
obtained after 2 μs following laser flash as a function of
wavelength.

In Figures 6 and 7, in the presence of chloranil, a new
transient species is formed around 440 nm. The broad band
around 440 nm was assigned to the quinone anion radical
[46–50]. The absorption at 440 nm is caused by the formation
of quinone anion radical upon oxidation of *Ru(II) with qui-
none, while there is no positive signal in this region when we
have the complexes II and IV alone. Giacco et al. [48] inves-
tigated the photochemical behavior of alkyl aryl sulfides sensi-
tized by triplet chloranil by nanosecond laser flash photolysis
and steady state irradiation in organic solvents. Similarly com-
plex VI undergo electron transfer reaction with DCBQ. The
dynamics of transient, quinone anion radical formed at 410 nm
from the redox system complex, IV (80 μM) and DCBQ, (300
μM) was followed and the kinetic traces observed in the
absence and presence of DCBQ are shown in Fig. 8.

This supports the formation of quinone anion radical (ab-
sorption at 410 nm) due to the ET from *Ru(II) complex to the
quinone. The decay of the long lived quinone anion radical is
shown in Figure S4 and the radical has half lifetime in the
range of ~19 μs [50]. The quinone anion radicals are usually
long lived and they have lifetime in the range of few μs to
seconds depending on the experimental conditions.

Dynamics of Electron Transfer Reactions of Ru(II)
Complexes with Quinones

The rate of ET from a donor molecule to an acceptor in a
solvent is controlled by free energy change of the reaction
(ΔG0), the reorganization energy (λ) and the electron transfer
distance (d) between the donor and the acceptor. The ET rate
constant (ket) in both the classical and semiclassical theories
can be represented by Eq. (2) [51–54].

ket ¼ κelυnexp −ΔG#= RTð Þ� � ð2Þ

where кel is the electronic transmission coefficient, υn the
nuclear frequency and ΔG# is the free energy of activation.
When the electron transfer distance, d, is kept constant, the
rate of the ET process is decided by ΔG0 and the reorganiza-
tion energy, λ, through the Marcus equation (Eq. 3) [51–54].

ΔG# ¼ λþΔG0
� �2

= 4λð Þ ð3Þ

Substitution of the above expression into Eq. (4) gives the
basic relation for ket in terms of ΔG0 and λ:

ket ¼ κelυnexp − λþΔG0
� �2

= 4λRTð Þ
h i

ð4Þ

The value of кel υn is usually taken as 1.0×1011 s−1.
According to classical Marcus theory ET can occur only at

the intersection point of the two potential energy surfaces. In
such case, a more effective route for the electron transfer rate

Fig. 2 Change of luminescence intensity of IV with different [quinone]. a benzoquinone (2×10−5–6×10−4 M) b TCNQ (2×10−5–2×10−4 M)

Fig. 3 Stern-Volmer plot for the oxidative quenching of complex IVwith
[TCNQ]
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is derived from the semiclassical theory which can be repre-
sented by Eq. (5).

ket ¼ 4π2=h HDAj j2 4πλOkTð Þ−1=2
X

m¼0

∞

e−SSm=m!
� �

exp − λO þΔG˚ þ mhvð Þ2=4λOkT
h i

ð5Þ

In Eq. (5) HDA is the electronic coupling coefficient be-
tween the redox centers, the reorganization energy λ is com-
posed of solvational λo and vibrational λi contributions with
s=λi/hν, ν is the high-energy vibrational frequency associated
with the acceptor and m is the density of product vibrational
levels. The terms h and k are Planck’s and Boltzmann’s
constants, respectively.

According to Rehm and Weller, the free-energy change of
electron transfer (ΔG°) can be calculated from Eq. 6 [53, 54].

ΔG˚ ¼ E D=Dþð Þ−E A=A−ð Þ−EO−O−e2=aε ð6Þ

where E(D/D+) is the oxidation potential of donors, E(A/A−),
the reduction potential of acceptor, Eo−o the lowest excited
state energy of Ru(II) complexes, and e2/aε a coulombic term.
TheΔG° values thus estimated for different donor and accep-
tor pairs in CH3CN are given in the Table 3.

The value of λo can be evaluated classically by using
dielectric continuum model, Eq. 6.

λO ¼ e2=4πεO 1=2rD þ 1=2rA−1=dð Þ 1=Dop−1=DS

� � ð7Þ

where e is the transferred electronic charge, εo the permittivity
of free space, Dop and Ds the optical and static dielectric
constants, respectively. The terms rD and rA are the radii of
the electron donor and acceptor, respectively and d is the
separation distance between the donor and acceptor in the
encounter complex. This model is most applicable in cases
where the donor and acceptor are roughly spherical, and their
center-to-center distance (rDA) is large compared to the sum of
the sphere radii. The values for rD and rA can be estimated by
the MM2 molecular model (7.1 Å for I, 7.41 Å for II and
7.63 Å for III; 7.49 Å for IV and 7.61 Å for V and for
quinones in the range 2.97 Å–5.0 Å). Since the ΔG0 and λ
values are known the value of rate constant for electron
transfer from excited state ruthenium(II)-complexes to
quinone can be calculated. In Eq. 4, HDA=2×10

−3 eV,
λ=0.81–0.92 eV, ν=1,000–1,500 cm−1 and T=298 K.
These values are the optimum values for the reaction,
chosen by a trial and error method [55].

Since the quenching process occurs via ET, the redox
quenching process can be discussed in terms of the mecha-
nism shown in Scheme 1. By applying steady-state treatments
to the short lived species in Scheme 1, the following expres-
sion (Eq. 8) for the observed bimolecular quenching rate
constant, kobs(kq) can be derived.

kq ¼ k12
1þ k12=k23Keq

� � ð8Þ

Keq is the equilibrium constant for the formation of the
encounter complex and k12 is the rate constant for the

Scheme 1 Mechanism for the oxidative quenching of [Ru(NN)3]
2+ with quinones

Fig. 4 Life time quenching of complexes IV and V with different [DCBQ]. (1×10−4–5×10−4 M)
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diffusion process to form the encounter complex. The value of
k12 is calculated from Eq. 9 [51–54].

k12 ¼ 2RT=3000η 2þ rD=rA þ rA=rD½ � f ð9Þ

where f−1=d∫eu/kT dr/r2 with u=ZDZAe
2/DS[e

Kd/1+Kd] e−Kr/
r where K=(8πe2Nη/1000DSkT)

1/2 and rD and rA are the radii
of the reactants and η is the viscosity of the medium.

The diffusion rate constant, k12, calculated according to
Smoluchowski [56] for non-charged molecules, has a value
of 1.9 × 1010 dm3 mol−1 s−1. Keq was estimated using the
Fuoss and Eigen equation (Eq. 10) [57].

Keq ¼ 4πNd3=3000
� �

exp −wr=RTð Þ ð10Þ

where wr is the work required to bring the reactants to the
separation distance d. Since we use neutral quenchers
throughout this study, wr is zero. The value of Keq is found
to be in the range 2.56 to 8.03M−1 for the oxidative quenching
of ruthenium(II) complexes I–V with quinones. Since the
values of k12 and Keq are known the value for k23, the rate
constant for the process of ET in the encounter complex can be
calculated from the observed kq values using Eq. 8 and the

values are plotted against ΔGo in Fig. 5 for all five Ru(II)-
complexes, I–V.

From the redox potential data shown in Tables 1 and 3, the
values of free energy change ΔG0, for the photoinduced
electron transfer between the excited state of I–V and
quinones have been calculated (vide infra). In order to treat the
dynamic quenching process in terms of thermodynamic func-
tion (ΔG0), we correlated the electron transfer rate constant,
k23, values estimated from the kq values with the free energy
change (ΔG0) of the electron transfer process (cf. Eq. 8 for
details of calculating k23 from kq). The plot of log k23 vs ΔG0

is shown in Fig. 5 and the electron transfer rate constant
increases with increasing the driving force (ΔG0) of the
electron transfer reaction and attains saturation at high ΔGo

values (−0.2 eV). The values of k23 (ket) can also be calculated
using semiclassical theory from Eq. 4. The experimental k23
values along with the calculated ket (solid line) values were
plotted against −ΔG° values (Fig. 5) for all Ru(II) complexes.

The quenching rate constant kq in Table 2 show that the
variation in kq with the change ofΔG° is by one order andmost
of the values are diffusion controlled rate. It is worthwhile to
compare the results observed for the luminescence quenching
of complexes I–V with quinones. In order to understand the
effect of changing the structure of the ligand on the rate of the
electron transfer it is necessary tomaintainΔG° values constant.
Figure 5 shows that at a particular ΔG° (0.11 eV), the rate
constant increases in the following order: I < III ~ V. Though
complexes III andV contain bulky phenyl moiety in the ligand,
the kq values for complexes III and V are five times more than
that of complex I at similar ΔG° value. The most probable
explanation for this interesting observation is that the complex
containing phenyl moiety in the bipyridine ligand is able to form
π-π interaction with the quinones. Hoffmann et al. [58] have
already established the importance of the π-π stacking between
phenols and [Ru(bpy)3]

2+. Figure 5 shows that the rate constants
for ET reaction of chosen redox system are in accordance with
Rhem- Weller model.

Fig. 7 Transient absorption spectrum of IV in the presence of chloranil in
acetonitrile at 298 K recorded 3 μs after laser flash

Fig. 5 Plot of log k23, M
−1 s−1 vsΔG0, eV for the oxidative quenching of

I–V with quinones

Fig. 6 Transient absorption spectrum of II in the presence of chloranil in
acetonitrile at 298 K recorded 3 μs after laser flash

J Fluoresc (2014) 24:875–884 881



CV Studies of [Ru(NN)3]
2+ and Quinones

Cyclic voltammetric studies were performed in order to visu-
alize the existence of any electronic interactions between the
Ru(II)-complexes and quinones in the ground state. There is
little change in the absorbance ofMLCT band of [Ru(NN)3]

2+

in the presence of different concentrations of quinone
(Figures S1-S2). Three types of interactions may be attributed
to the complex formation of quinones with electron donors: (i)
charge transfer (EDA) interaction, (ii) hydrogen bond forma-
tion and (iii) π-π stacking. To get further experimental evi-
dence for the interaction between electron donor and quinone
we have recorded cyclic voltammograms (CV) of 2,6-
dichlorobenzoquinone and TCNQ in the absence and pres-
ence of [Ru(NN)3]

2+ complexes and the sample voltammo-
gram is shown in Fig. 9.

The CVof 2,6-dichlorobenzoquinone shows two reduction
waves one at −0.13 V and the other at −0.48 V. These reduc-
tion potentials can be attributed to DCBQ/DCBQ− and
DCBQ− /DCBQ2− couples. The addition of complexes III
and V leads to an increase in the peak currents of DCBQ
along with a slight shift in the peak potentials 50 mV for the
first reduction and 90 mV for second reduction processes for

complex V and 30 mV for the complex III. Cyclic voltamm-
etry of TCNQ in a 0.1 M solution of [NBu4][ClO4] in CH3CN
afforded two redox couples located at E1/2=0.23 V and at
E1/2=−0.36 V vs Ag/AgCl. The addition of III (1.0×
10−4 M) to TCNQ (1.0×10−4 M) increases the peak currents
of TCNQ substantially accompanied by a shift in the peak
potentials 60 and 10 mV in the first and the second reduction
processes. The substantial increase in peak currents, accom-
panied by a slight shift in peak potentials constitutes valid
experimental evidence in favor of the ground state interaction
between complex III with quinone. Similar positive shift in
the reduction potential of quinone has been observed in several
cases where host-guest interaction is possible [59–61]. In
the present study, we attribute the interaction to charge transfer
as well as π-π interaction between the aromatic rings of the
ligand and the aromatic rings of quinones. The π-π stacking
has also been proposed between phenols and [Ru(bpy)3]

2+

[58]. The cyclic voltammetric studies provide support for
weak ground state interaction between the Ru(II) complex
and the quencher, quinone. Thus the weak π-π interaction in
the ground state is responsible for higher kq values observed
for complexes III and V compared to complexes I. If the
ground state interaction is strong we have to consider the
importance of static quenching also in the overall quenching
process. As the ground state interaction between Ru(II) com-
plexes and quinones used in this system is weak we did not
make any attempt to resolve the total kq values into static and
dynamic quenching contributions.

Conclusion

The photoinduced electron transfer reactions of ruthenium(II)-
complexes (I–V) with quinones were studied by luminescence
and laser flash photolysis method. From the transient absorp-
tion spectra and luminescence quenching data clearly show
that the excited state of ruthenium(II) complexes (I–V) under-
go rapid ET reactions with quinones. The observation of
quinone anion radical supports the ET quenching of 3MLCT

Fig. 8 The transient kinetics of complex IV (1×10−4 M) were measured
at 410 nm in the absence and presence of DCBQ(1×10−3 M) (complex
IV- lower traces; complex IV and DCBQ, upper traces)

Table 3 ΔG0 (eV), values for the quenching of *[Ru(NN)3]
2+ with

quinones in acetonitrile at 298 K

Quencher Ered
0 ,V ΔG0, eV

I II III IV V

TCNQ −0.18 −0.56 −0.55 −0.60 −0.53 −0.57
CA −0.34 −0.40 −0.39 −0.44 −0.37 −0.41
DCBQ −0.45 −0.29 −0.28 −0.33 −0.26 −0.30
BQ −0.86 0.12 0.11 0.16 −0.09 0.11

MBQ −0.91 0.17 0.16 0.21 0.14 0.16

NQ −1.02 0.28 0.27 0.32 0.25 0.27

Fig. 9 Cyclic voltammogram of TCNQ in the absence and in the pres-
ence of complex III
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excited state of ruthenium(II) complexes with quinone. The
quenching rate constant, kq, is close to the diffusion limited rate
at high negative ΔG° values and the kq values are well corre-
lated with theΔG° values. In addition, semiclassical theory of
ET was successfully applied to the photoluminescence
quenching process.
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