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Abstract

The luminescence quenching of [Ru(bpy)3]2� by a series of organic aromatic molecules in acetonitrile occurs by electronic energy

transfer through exchange interaction, and the quenching rate constants obtained are below the diffusion-controlled limit. The measured

free energy of activation for energy transfer between non-highly distorted excited states is ascribed, in part, to a solvation effect due to the

dipolar nature of MLCT excited-state of the [Ru(bpy)3]2� donor. The solvent reorganization energy, obtained from quenching data, is

5.5 � 0.5 kcal/mol, in agreement with the predicted value of 5.7 kcal/mol, assuming the electronic transition (d�)5(L�)1! (d�)6 is the Ru

complex as an internal electron transfer mediated by solvent reorganization, calculated using the one-sphere model for charge

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

The kinetics of energy transfer via exchange interaction

was described by Dexter [1], and the dependence of the rate

constant in a bimolecular process with the energy difference

between donor and acceptor electronic levels was ®rst

elaborated by Sandros [2,3], and later modi®ed by Balzani

et al. [4,5] using the classical treatment of transition-state

theory in electron-transfer processes. Several experimental

systems, including the quenching of aromatic triplets by cis

and trans-stilbene [6,7], by metallocenes [8±11], and by

metal b-diketonate complexes [12±14], which did not follow

the behavior predicted by the Sandros equation, were

explained by the Balzani treatment [5]. The role of the

reorganization energy, mainly due to nuclear rearrange-

ments of reactants, was established as an important con-

tribution to the intrinsic energy barrier of the electronic-

energy transfer process.

Energy-transfer rates in solution for coordination com-

pounds are usually lower than the diffusion controlled limit,

being in¯uenced by the charge, the geometry and the ligand

size of the complexes [15±19]. Moreover, bimolecular

exchange energy transfer in constrained media, particularly

in micelles [20±22], cyclodextrins [23], and other cage-type

molecules [24,25] have been also investigated, and a dif-

ferent kinetics behavior compared to homogeneous solvent

reaction has been veri®ed. More recently, solvent inhomo-

geneity and clustering effects in supercritical ¯uids have

been investigated using triplet±triplet energy transfer

between aromatic probes [26].

It is recognized that photoinduced triplet±triplet energy

transfer is an interesting tool for studying the effect of

electronic coupling between frontier orbitals of donor and

acceptor molecules, specially in model compounds [27±33].

Energy transfer in the Marcus inverted region has been

experimentally determined in donor±acceptor systems

through unimolecular [34,35] and bimolecular [36,37] reac-

tions.

A common trend in energy transfer between neutral

molecules is that the rate of the process is little affected

by solvent reorganization, in contrast with the electron

transfer which is largely a solvent-dependent process. How-

ever, when the reaction involves ions or when the ground and

excited dipole moments of donor or acceptor are substan-

tially different, reorganization of solvent dipoles along the

reaction path may be part of the intrinsic barrier of the

electronic energy-transfer process.

The evidence of electronic energy transfer between

the [Ru(bpy)3]2� and organic acceptors was ®rst reported

by Wrighton and Markham [38] in the ethanol : benzene
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solvent system. In our work, the luminescence quenching of

the MLCT excited state of the [Ru(bpy)3]2� by a series of

aromatic compounds in an acetonitrile solution is analyzed

with focus on the solvent reorganization effect, and using the

framework of the semi-classical Marcus theory of electron

transfer.

2. Experimental

The luminescence probe 2,20-bipyridine ruthenium (II)

dichloride, [Ru(bpy)3]2�, was purchased from Smith Che-

mical, and used as received. The aromatic compounds were

recrystallized in appropriated solvents when required, or

used directly when of scintillation degree.

Corrected steady-state luminescence spectra of the

[Ru(bpy)3]2� complex (5 � 10ÿ5 M) were recorded on a

CD-900 Edinburgh spectro¯uorimeter, and the intensity was

calculated from integration of the emission band. The

luminescence lifetime of the complex in acetonitrile was

obtained from the time-resolved single-photon counting

technique using the CD-900 Edinburgh spectrometer oper-

ating with a hydrogen-®lled nanosecond ¯ash lamp. All

luminescence measurements were taken with the samples

thermalized, in air-equilibrated conditions at 298 K, and

with excitation in the maximum of the MLCT absorption

band of the Ru complex. The triplet energy of the aromatic

compounds were determined from the crossing point

between the normalized excitation and emission phosphor-

escence spectra at 77 K in 1 : 1 acetonitrile/1-iodopropane

solution.

3. Results and discussion

Luminescence quenching of[Ru(bpy)3]2�MLCT excited-

state in acetonitrile is observed after the addition of aromatic

compounds, such as anthracene and pyrene derivatives. The

relative luminescence intensity follows a linear Stern±Vol-

mer relation (see Fig. 1). The slope of the plots is the Stern±

Volmer constant, Ksv � kq�0, where kq is the second-order

luminescence quenching rate constant and �0 the lumines-

cence lifetime of the probe in an aerated solution. Using the

experimentally determined luminescence probe lifetime of

180 � 2 ns, the KSV values for a series of aromatic quench-

ers were converted into the respective quenching rate con-

stants. The values obtained are given in Table 1 and listed

with the triplet energy of the quenchers. The triplet energy

determined is close to the previous values cited in the

literature [39,40].

The decrease of kq with the energy difference between of

electronic excited triplet state of the Ru complex and aro-

matic quenchers indicates that a possible mechanism of

quenching involves electronic energy transfer. The possibi-

lity of electron transfer is ruled out, since the free-energy

change is positive when the redox potentials of the reactants

are taken into consideration. Furthermore, the triplet±triplet

energy transfer is con®rmed from the observation of sensi-

Fig. 1. Stern±Volmer plots of the luminescence quenching of

[Ru(bpy)3]2� by anthracene (&), and pyrene (~), in acetonitrile at 298 K.

Table 1

Luminescence quenching rate constants of the MLCT excited-state of [Ru(bpy)3]2� by organic aromatic acceptors in acetonitrile at 298 K

Quencher kq/(109 Mÿ1 sÿ1) E0ÿ0/(kcal/mol) a E0ÿ0(kcal/mol) b

(solvent, Ref. No.)

1,6-Diphenyll,3,5 hexatriene 5.6 � 0.3 35.8 35.4 (n, 2)

9-Carboxianthracene 6.3 � 0.3 36.7

9,10-Dibromoanthracene 5.8 � 0.4 40.2 40.1 (n, 2)

9-Methylanthracene 5.9 � 0.3 39.8 41.1 (n, 2)

9,10-Diphenylanthracene 5.2 � 0.4 41.5 41.8 (n, 1)

Anthracene 5.7 � 0.2 42.8 42.7 (p, 1)

1-Pyrenecarboxaldehyde 4.5 � 0.2 44.5 44.4 (n, 2)

Acridine 3.8 � 0.2 45.9 45.1 (n, 2)

9-Aminoacridine 2.8 � 0.2 46.3 45.8 (p, 3)

Pyrene 1.3 � 0.1 48.1 48.2 (p, 1)

trans-Stilbene 0.4 � 0.1 49.5 50.0 (n, 1)

a The E0ÿ0 triplet energy of [Ru(bpy)3]2� MLCT excited-state is 49 kcal/mol.(p,2) Experimental values obtained here.
b Values reported in the literature; n, non-polar solvent; p, polar solvent. (1), Ref. [39]; (2), Ref. [40]; and (3), Ref. [41].
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tized phosphorescence at 77 K of some of the pairs inves-

tigated.

Application of the Sandros equation [2,3] to the kq and

�E00 data does not yield satisfactory ®tting result. The

shortcoming lies in that the quenching rate constants mea-

sured are smaller than the values predicted by the Sandros

equation, which points to the presence of a certain intrinsic

barrier in the energy-transfer process. This result demands

the use of a more elaborate kinetics in which the quenching

mechanism may be written as [4,5] (Scheme 1).

In the steady-state approximation, and assuming that

1/�2�kd[D], the experimental quenching rate constant kq

is given by

kq � kd 1� Kÿ1 � kÿd

ken

� �ÿ1

(1)

where K � ken/k-en, is the ratio of the forward and backward

energy-transfer rate constants, and kd and k-d the association

and dissociation diffusion rate constants of the donor±

acceptor pair, respectively. Eq. (1) can be written in terms

of free activation energy of the forward energy transfer step,

�G#, and the standard free energy of reaction, �G0,

kq � kd 1� e�G0=RT � �kÿd=v0
en�e�G 6�=RT

� �ÿ1

(2)

The free-energy change has been estimated from the

difference between the triplet electronic energy of the donor

and acceptor. When entropy difference between ground and

excited states is very small, the driving force is approxi-

mately given by [42]

�G0 � ÿE0ÿ0�D�;D� � E0ÿ0�Q�;Q� (3)

The plot of the experimental quenching rate constant kq as

a function of �G0 is shown in Fig. 2. The free-energy

change, �G0, was calculated using Eq. (3), where

E0ÿ0(D*,D) is taken as 49 kcal/mol [40], and E0ÿ0(Q*,Q)

as the triplet energy value of the quenchers determined in

this work.

In analogy with the theory used to describe the electron-

transfer reactions, the experimental data were ®tted to

Eq. (2), considering the energy-transfer process in the

non-adiabatic limit, where the frequency factor v0
en and

�G# in the semi-classical approximation in the high-tem-

perature limit are given by [43]

v0
en �

2�

�h�4��RT�1=2
H2

DA (4)

�G6� � �
4

1��G0

�

� �2

(5)

where H2
DA is the squared electron-exchange matrix element,

and � the reorganization energy. The ®tting result using

Eq. (2) combined with Eqs. (3)±(5) was � � 10.5 �
0.5 kcal/mol, kd � (6.5 � 0.5) � 109 Mÿ1 sÿ1, and kÿd=v0

en

� 0:10� 0:02. In the earlier studies, an inverted region in

electronic energy transfer was observed for driving forces of

9.0 kcal/mol [24], and 7.3 kcal/mol [35], depending of the

system investigated. In the present case, the inverted region

is not clearly observed in the plot of the quenching rate

constant as a function of the driving force due to the

diffusion effect in this bimolecular system. The rate constant

of a diffusion controlled reaction considering spherical

particles in acetonitrile is ca. (1±2) � 1010 Mÿ1 sÿ1. The

lower value obtained for kd suggests that the quenching

process has a kind of conformational or steric effect related

to orbital overlap necessary for energy transfer. Using the

Eigen±Fuoss equation [44,45], kÿd is estimated as

2 � 109 sÿ1. Using Eq. (4) and the observed value of

kÿd=v0
en � 0:10, the average degree of electronic coupling

is calculated as HDA � 7 � 1 cmÿ1. The magnitude of HDA

obtained here is of the same order as that determined in the

study of bimolecular energy-transfer quenching of bipyr-

idine complexes of Os(II) by anthracene (2.5 cmÿ1) and 2,3-

benzanthracene (8.5 cmÿ1) [37].

The value obtained for the reorganization energy �
deserves a more elaborate analysis. Here, � is the sum of

the inner sphere (�in) and solvent (�s) reorganization ener-

gies. The inner contribution concerning bond rearrangement

is predicted to be low for both, [Ru(bpy)3]2� and aromatic

acceptors used, since their electronic transitions do not

involve very distorted states [5,46,47]; the former being

of the order of 1300 cmÿ1, and the latter between 300±

700 cmÿ1. Within these approximations, the average solvent

reorganization energy �s is estimated at 5.5 � 0.5 kcal/mol.

This value is substantially high, considering an energy-

Scheme 1.

Fig. 2. Plot of the luminescence quenching rate constant kq as a function

of the free energy. Fitting using Eqs. (2)±(5) (see text for more details).
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transfer process where no liquid charge is commuted

between reactants, but it is much lower than the outer-sphere

reorganization energy calculated in a hypothetical situation

of electron transfer in acetonitrile [48] (�19 kcal/mol,

assuming donor and acceptor radii of 6 and 4 AÊ , respec-

tively).

The MLCT excited state is considered to be a polar state

because of localization of the promoted electron on a single

bipyridine ligand [49]. This difference in charge distribution

can lead to a change in solvation, and in a triplet±triplet

energy-transfer process it may give rise to a solvent reorga-

nization barrier. In order to evaluate this possibility, one can

imagine the complex transition (d�)1(L�)1!(d�)6 as an

`internal' electron-transfer process mediated by solvent

reorganization. There is some free space between the planar

rings of the bipyridine ligands in which the solvent can

penetrate. This contribution can be estimated using the one-

sphere model [50] for intramolecular electron-transfer pro-

cess, when both the redox sites are embedded in a single

spherical cavity (here, the boundaries of the Ru complex,

de®ned hereinafter as R). Assuming that the internal dielec-

tric constant Din does not differ appreciably from the optical

dielectric constant (Din�Dop), and the angle between the

vectors pointed from the center of the sphere to the redox

sites is zero, the equation for the solvent reorganization

energy is reduced to:

�s � ��e�2
R

1

Dop

ÿ 1

Ds

� �X1
n�1

�n (6)

and,

�n � 1
2
��2n � �2n ÿ 2����n��1� nDop=Ds�n� 1��ÿ1

(7)

where � � ra/R, and � � rb/R, with ra and rb as the Ru d�
radius and the average radius of the L�* of the bipyridine

ligand in the molecular structure of the complex, respec-

tively. Introducing the standard values of the optical

(Dop � 1.801) and solvent dielectric constant (Ds � 36.7)

for acetonitrile at 298 K in Eqs. (6) and (7), and assuming

R�7 AÊ (Ru-to-bpy edge distance), ra�1.3 AÊ (covalent

radius of Ru(III), and rb � 4.5 AÊ , the solvent reorganization

energy is estimated at 5.7 kcal/mol. Changes in the radii of

ca. 0.5 AÊ give uncertainties of � 2 kcal/mol in �s.

The MLCT absorption and emission bands of [R(bpy)3]2�

show little solvent dependence [51]. However, the emission

band has a strong blue shift when the complex is frozen in

solid solvent matrix at temperatures below the glass transi-

tion of the solvent, whereas the absorption band in less

susceptible to changes in solvent viscosity [52]. If the

equilibrium solvent structure around the complex in the

ground state is frozen at 77 K, then emission at low tem-

peratures will occur from the complex in a similar solvent

arrangement as that of the ground state. Thus, the difference

in position and shape of the band envelop at 77 and 298 K

may re¯ect, in part, the reorganization/coupling of the

solvent molecules with the excited state in a ¯uid medium.

The spectral shift between the emissions in frozen and liquid

acetonitrile was measured and is ca. 1500 cmÿ1, which

corresponds to 4.3 kcal/mol. Note that this value is within

the range of solvent reorganization energy measured by

quenching data as well as that calculated using the one-

sphere model.

In energy transfer, where non-highly distorted excited

states are involved, the changes in the rate constants may

result from modi®cations of the frequency or pre-exponen-

tial factor v0
en, on account of speci®c electronic coupling

among different donor±acceptor pairs. However, this effect

is more pronounced when metal-centered excited states are

involved [13,53,54], this not being the present case.

4. Conclusions

The luminescence quenching of [Ru(bpy)3]2� by a series

of organic aromatic molecules in acetonitrile occurs by

electronic energy transfer and the quenching rate constants

are below the diffusion controlled limit. The reorganization

energy of 10.5 kcal/mol obtained from the ®t of the quench-

ing data can be ascribed, in part, to a solvation effect due to

the dipolar nature of 3MLCT excited-state of the

[Ru(bpy)3]2� donor. The solvent reorganization energy cal-

culated is 5.5 � 0.5 kcal/mol, being close to the predicted

value of 5.7 kcal/mol, estimated by the one-sphere model for

charge redistribution.
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