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Abstract

Ru(bpz)3
2� (bpz � 2,20-bipyrazine) has six peripheral uncoordinated nitrogen atoms potentially available for protonation in presence of

acids. The emission from �Ru(bpz)3
2� is ef®ciently quenched by organic acids and the observed quenching rate constants are explained in

terms of proton transfer from acids to �Ru(bpz)3
2�. The absorption and emission intensity of Ru(bpz)3

2� increases with increasing

concentration of carboxylate ion suggesting the complex formation between the two reactants in the ground state. From these studies, the

formation constant (Kf) have been evaluated by Benesi±Hildebrand method. The Kf values indicate that generally the ion pair association

constants estimated from absorption and emission techniques are comparable and these values are sensitive to the structure of the

carboxylate ions. # 1999 Elsevier Science S.A. All rights reserved.
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1. Introduction

Ruthenium(II)-polypyridyl complexes play an important

role in the development of ef®cient photosensitizers to use

them in many applications [1±8]. The ground and excited

state properties of these complexes can be tuned by judicious

choice of ligands [7,8]. The photoinduced electron transfer

(ET) reactions between ruthenium(II) complexes and var-

ious organic substrates have been extensively studied with

special reference to chemical conversion and storage of light

energy [9,10]. Ru(bpz)3
2� (bpz � 2,20-bipyrazine) has been

shown to be an excellent photocatalyst and has six peripheral

non-coordinated nitrogen atoms potentially available for

protonation in presence of acids [11±17] and therefore,

the excited-state acid±base properties of Ru(bpz)3
2� have

been extensively studied [16,17]. On the other hand, the

oxalate ion undergoes electron transfer reaction with this

complex [18,19]. Thus, �Ru(bpz)3
2� is quenched by either

ET or proton transfer process depending on the nature of the

quencher. Therefore to understand the behaviour of different

carboxylic acids towards this metal ion the authors studied

the reactions of �Ru(bpz)3
2� with several carboxylic acids

and their anions in acetonitrile and aqueous media, respec-

tively, and the results are presented in this report.

2. Experimental details

Ru(bpz)3
2� was synthesized as its chloride salt and

puri®ed by column chromatography [20]. All organic acids

used in the present study were puri®ed by vacuum distilla-

tion or by recrystallization before use. The carboxylate ions

were prepared by mixing stoichiometric amounts of corre-

sponding acids and NaOH. The absorption and emission

spectral measurements were performed using JASCO model

UV±Vis spectrophotometer and JASCO FP-770 spectro-

¯uorometer, respectively. The solutions used for emission

measurements were deaerated by bubbling dry N2 gas for

20 min. The quenching rate constant, kq, was determined by

luminescence quenching technique using the Stern±Volmer

Eq. (1).

I0

I
� 1� kq�

0�RCOOH� (1)

In Eq. (1), I0 and I are the emission intensities of
�Ru(bpz)3

2� in the absence and presence of quencher and

�0 is the emission lifetime of the metal complex in the

absence of quencher. The Stern±Volmer plots for the lumi-

nescence quenching of �Ru(bpz)3
2� with various organic

acids are linear and the sample plots are shown in Fig. 1. The

details of the laser ¯ash photolysis studies are described in

the previous report [21].
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3. Results and discussion

It is well known that �Ru(bpz)3
2� (E0 � 1.45V versus

SCE) is a better oxidant than �Ru(bpy)2
3� (E0 � 0.80 V) and

its excited state reduction potential is similar to Cr(III)-

polypyridyl complexes(E0 � 1.44 V) [22]. Apart from this,

the main difference between Ru(bpz)3
2� and Ru(bpy)2

3� is

that the former has interesting acid-base properties[16,17].

Since the initial report by Crutchely and Lever [11±13] on

the synthesis of Ru(bpz)3
2�, many investigations have been

devoted to the study of the chemical, photophysical, photo-

chemical, radiation chemical and electrochemical properties

of that complex [4±10]. The photoinduced electron and

proton transfer reactions of Ru(bpz)3
2� with different

organic compounds have been studied by different groups

[11±15,18,19,21]. To learn more on the excited state proper-

ties of Ru(bpz)3
2�, its reaction with several carboxylic acids

and carboxylate ions has been investigated. The quenching

rate constants for �Ru(bpz)3
2� with some organic acids in

acetonitrile are given in Table 1. From the quenching rate

constant data, we understand that the ef®ciency of quench-

ing depends on the structure of acids. All acids employed

here are weak acids and have pKa values in the range of 3±5.

The observed kq values are also in a small range 3.0±15.0 �
106 Mÿ1 sÿ1. It has already been established [11±17]

that the emission from �Ru(bpz)3
2� is ef®ciently quenched

by protons and the quenching rate constants at appreciable

[H�] are in the order of diffusion controlled rate. The

emission is almost completely quenched if the emission

intensity of �Ru(bpz)3
2� is recorded with a solution of

[H�] > 0.1 M. i.e., the quenching ef®ciency depends on

[H�]. As the quenchers used here are weak acids, the

available [H�] is calculated from the pKa values of these

acids and the values fall in the range 3.5 � 10ÿ4±

7.9 � 10ÿ4 M. As the concentration of H� used in the

present study is small compared to the [H�] used by Hoff-

man and co-workers [14,15], the quenching constant is

small. Thus, proton transfer mechanism may be proposed

for the quenching of �Ru(bpz)3
2� with organic acids and the

details are summarised in the Scheme 1. Here kH and k-H are

the rate constants for the protonation and deprotonation of

the excited states and k0 and k00 are the rate constant for the

decay of the deprotonated and protonated excited states,

respectively.

It may be pointed out that though the protonated form of
�Ru(bpz)3

2� is emittive, its lifetime is small compared to the

unprotonated complex. The � values of �Ru(bpz)3
2� in the

absence and presence of 0.3 M of H� are 940 and 47 ns,

respectively [14,15] and these � values re¯ect the ef®ciency

of quenching of �Ru(bpz)3
2� by protons.

Fig. 1. Stern-Volmer plots for the quenching of �Ru(bpz)3
2� with

C6H5CO2H (I), CH3CO2H(II), HSCH2CO2H(III) and C6H5SCH2CO2-

H(IV) in acetonitrile at 298 K.

Table 1

Quenching rate constants (kq) for the quenching of �Ru(bpz)3
2� with

organic acids in acetonitrile

Quencher �10ÿ6 kq (Mÿ1 sÿ1)

CH3COOH (4.76)a 4.7

PhCOOH (4.21) 3.7

PhCH2COOH (4.31) 15.0

PhSCH2COOH (4.74) 5.5

PhOCHD2COOH (3.17) 4.9b

PhSO2CH2COOH (4.50) 8.9

HSCH2COOH (4.70) 6.3

S(CH2COOH)2 (4.90) 3.3

apKa values are in water at 258C.
bAs this acid is insoluble in water, the kq value is measured in ethanol

medium.

Scheme 1. Mechanism for proton transfer quenching
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Photoredox quenching of Cr(III)-polypyridyl complexes

with phenylthioacetic acids and phenylthioacetate ions has

extensively been studied in this laboratory [23]. The inter-

esting observation is that the quenching proceeds by electron

transfer from sulphur centre to Cr(III) in thioacetic acids and

from CO2
ÿ to Cr(III) with thioacetate ions [23]. In order to

check whether organic acids and the corresponding carbox-

ylate ions have similar or different behaviour, the reaction of

Ru(bpz)3
2� with several carboxylate ions has been studied

by absorption and emission techniques. The absorption and

emission spectra of Ru(bpz)2�
3 at different [RCO2

ÿ] are

shown in Figs. 2 and 3. The absorption intensity of

Ru(bpz)3
2� increases with increasing concentration of car-

boxylate ion suggesting the complex formation between the

two reactants in the ground state. The formation constant of

the complex between Ru(bpz)3
2� and RCO2

ÿ in the ground

state (Eq. (2)) is calculated from the change in absorption

intensity of Ru(bpz)3
2� at different [RCO2

ÿ] by using

Eq. (3) by Benesi±Hildebrand method [24±26].

Ru�bpz�2�3 � RCOÿ2 , Ru�bpz�2�3 � � � RCO2 (2)

�oxidant� �substrate�
�OD

� �oxidant� � �substrate�
��

� Kf

��
(3)

In Eq. (3) �� is the difference in molar absorption coef®-

cient of Ru(bpz)3
2� in the presence and absence of carbox-

ylate ion, Kf is the equilibrium constant for the formation of

the association complex between Ru(bpz)3
2� and quencher.

Similar trend in the emission intensity of �Ru(bpz)3
2� with

the change of [RCO2
ÿ] was also noted. The association

constant Ru(bpz)3
2�. . .RCO2

ÿ ion pair was also evaluated

by the modi®ed Benesi±Hildebrand (double reciprocal plot)

method [24±26] (Eq. (4)).

1

I ÿ I0

� 1

�Q�aKf

� 1

a
(4)

In Eq. (4) I and I0 are the emission intensities of sensitizer in

the presence and absence of quencher, respectively, and Kf is

the equilibrium constant for the formation of

Ru(bpz)3
2�� � �RCO2

ÿ ion pair and a is a constant. The

formation constants of the Ru(bpz)3
2�� � �RCO2

ÿ ion pair

from the absorption and emission spectral studies in aqueous

medium evaluated from (Eqs. (3) and (4)) are collected in

Table 2. The existence of a complex between Ru(bpz)3
2�

and phenylthioacetate ion in the excited state is also con-

®rmed from the increase in the � value of �Ru(bpz)3
2� from

940 to 1050 ns in the presence of thioacetate ion. This result

suggests that the ion pair in the excited state

[�Ru(bpz)3
2� � � � RCO2

ÿ] is emittive.

The Kf values given in Table 2 indicate that generally the

ion pair association constants estimated from absorption and

emission techniques are comparable con®rming our postu-

late of ion pair formation between Ru(bpz)3
2� and RCO2

-.

These association constant values are small compared to the

values observed for the ion pair formed between Ru(bpz)3
2�

and inorganic ions like S2O8
2ÿ, PtCl4

2ÿ, Cr(CN)6
3ÿ etc.,

which are in the range of 200±3600 Mÿ1 [27,28]. But the

present values are close to the values calculated from the

Fig. 2. The change in the absorbance of Ru(bpz)3
2� with increasing

concentration of phenylthioacetate ion in aqueous medium. (a) 0; (b)

3 � 10ÿ2; (c) 6 � 10ÿ2; (d) 9 � 10ÿ2; (e) 12 � 10ÿ2 and (f) 15 � 10ÿ2 M.

Fig. 3. The change in the emission intensity of �Ru(bpz)3
2� with increasing

concentration of phenythioacetate ion in aqueous medium. (a) 0; (b) 3 �
10ÿ2; (c) 6 � 10ÿ2; (d) 9 � 10ÿ2; (e) 12� 10ÿ2 and (f) 15� 10ÿ2 M.

Table 2

Formation constant (kf) values of the complex formed between Ru(bpz)3
2�

and RCO2
ÿ in aqueous medium

Substrate Kf(abs) Kf(em)

CH3COOÿ 11.4 3.50

PhCOOÿ 8.00 2.50

PhCH2COOÿ 9.60 5.60

PhOCH2COOÿ 1.2 2.30

PhSO2CH2 COOÿ 7.40 7.00
ÿSCH2COOÿ 19.8 q

S(CH2COOÿ)2 13.7 11.3

q, quenching rate constant; kq � 2.4 � 107 Mÿ1 sÿ1.
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classical Fuoss±Bjerrum model of electrostatic attraction

[29]. Further the values are sensitive to the structure of the

carboxylate ion. Replacement of alkyl by phenyl groups

lowers the Kf value and replacement of oxygen by sulphur

leads to appreciable increase in Kf value. Compared to the

phenyl group, the methyl group is electron releasing and

thus the electron density of ±CO2
ÿ is high, thereby favouring

ion-pair formation. Similar explanation can be offered when

the Kf value of PhSCH2CO2
ÿ is compared with PhOCH2

CO2
ÿ and PhSO2CH2CO2

ÿ. Phenylthio group is electron

releasing compared to phenoxy and PhSO2 is electron

attracting group. In the case of thioglycollate ion, ET quen-

ching process takes place in the excited state. The quenching

rate constant for the reductive quenching of �Ru(bpz)3
2�

with thioglycollate ion is similar to those of organic sul-

phides [30]. This may point out that the quenching process

proceeds through ET from sulphur centre to �Ru(bpz)3
2�

and the tentative mechanism (static quenching) shown in

Scheme 2 may be postulated for the quenching process.

That the electron is transferred from sulphur centre to
�Ru(bpz)3

2� and not from ±CO2
ÿ is evident by comparing

the results observed with ÿSCH2COÿ2 and S(CH2CO2
ÿ)2.

Though luminescence quenching is the process with the

former, luminescence enhancement takes place with the

letter. It is interesting to recall that sulphur centre is the

site of attack when sulphur containing amino acids are used

as the quenchers for the excited state aromatic ketones [31±

34]. The enhancement in emission may be attributed to the

formation of emissive ion-pair complex.

In the luminescence quenching of �Ru(bpz)3
2� with

organic sulphides we have established the formation of

exciplex between �Ru(bpz)3
2� and R2S from the solvent

effect study [30]. Through luminescence quenching is the

major process in polar solvents like CH3CN and aqueous

CH3CN, the increase in the emission intensity and lifetime

has been noticed in the less polar solvent, dichloromethane.

The low quenching constant (2.4 � 107 Mÿ1 sÿ1) observed

here similar to organic sulphides leads the authors to pre-

sume that here also the exciplex formation is competing with

ET process.
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