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Abstract 

The oxidative luminescence quenching of tris(2,2’-bipyridyl)ruthenium(II) (RuL,‘+) by various quenchers (quinones and 
nitroaromatic compounds) was investigated in homogeneous (organic and aqueous) solutions and in sodium dodecylsulphate 
(SDS) micelles to reveal the effects of the local microenvironment on the energy of electron transfer and on the reorganization 
energy of the reaction. Analysis of the reaction kinetics in micellar solutions showed that, in systems in which the redox 
potential of the quencher E&Q/o-) < 1.5 V, “internal” quenching was observed, i.e. reaction of *RuL6*+ with a quencher 
molecule solubilized inside a micelle. In these systems, true intramicellar quenching rate constants were obtained, and the 
electron transfer reactions in micelles were compared with those in homogeneous solutions. In SDS micelles, the Gibbs energy 
of electron transfer AG,, was close to that observed in water; however, the spectral properties of RuL6*+ and the value of 
the limiting diffusion rate constant were typical of media with medium polarity and high viscosity. This suggests a considerable 
reorganization of the local microenvironment of the Rub*+ complex and quencher during the electron transfer reaction and 
a specific effect of surrounding water molecules on the reaction kinetics. 
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1. Introduction 

The specific effect of the local microenvironment on 
the kinetics of electron transfer reactions and the redox 
properties of reactants are of principal importance in 
numerous reactions in organized molecular systems, 
including redox processes in biomembranes, biological 
photosynthesis, etc. The rate constants of electron 
transfer reactions, according to conventional models, 
depend on the Gibbs energy of electron transfer (ther- 
modynamic factor) and on the medium and internal 
reorganization energy (kinetic factor) [1,2]. To analyse 
the effects of solubilization in micelles on both of these 
factors, we studied the rate constants of tris(2,2’-bi- 
pyridyl)ruthenium(II) (RuLe2+) luminescence quench- 
ing by electron acceptors with various reduction po- 
tentials in sodium dodecylsulphate (SDS) micelles in 
comparison with homogeneous organic and aqueous 
solutions. We chose these systems because of the very 
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large difference in the redox potentials of RuLe2+ and 
quenchers (quinones and nitroaromatic compounds) 
between aqueous and organic solvents [3]. RuLh2+ is 
solubilized in SDS micelles and located in the surface 
region [4]. 

The kinetics of electron transfer processes in mi- 
croheterogeneous systems has been studied in detail 
[5-261. Much attention has been paid to the reactions 
of the RuLG2’ complex [14,16,18-20,24,27-311. In most 
of these studies, the kinetic properties were discussed 
in terms of pseudo-unimolecular quenching. Since the 
aim of this work was to compare the electron transfer 
reactions in micelles and homogeneous media, a formal 
approach was developed to obtain the bimolecular 
quenching rate constants in micelles, paying attention 
to two different limiting steps of the quenching: in- 
tramicellar reaction (“internal quenching”) and dif- 
fusion of the quencher towards and into micelles (“ex- 
ternal quenching”). In most previous publications, the 
dependence of the electron transfer rate constants on 
the Gibbs energy of electron transfer has been discussed 
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for pseudo-unimolecular rate constants of intramicellar 
quenching [7,13,18,20,28,29,31] (which includes implic- 
itly the local concentration of the quencher in the 
micelles), or the bimolecular rate constants obtained 
have been found to be close to the diffusion rate 
constants [31,32]. To obtain the true bimolecular rate 
constants of intramicellar quenching of RuL6’+ lu- 
minescence and to compare them with the analogous 
bimolecular quenching rate constants in homogeneous 
aqueous and organic solutions, we studied the depen- 
dence of the RuLhZ+ luminescence decay on the 
quencher and micelle concentrations. 

The quenching of RuL,* + luminescence in acetonitrile 
by a wide range of donors and acceptors has been 
investigated previously [2,33,34], and has been discussed 
within the framework of a well-known general kinetic 
scheme (Scheme l), proposed for electron transfer 
processes in homogeneous solutions [35,36] (as well as 
for excited organic molecules and coordination com- 
pounds). 

+ Q + *RuL6’+-Q 
kx 

1 RuL,‘+...Q’- 

kz 

RuL62+ + Q / 

Scheme 1 

k,, and k,, are the forward and back diffusion rate 
constants, k,, and k,, are the forward and back electron 
transfer reaction rate constants, k30=kb + k,, and k,, 
and k, are the rate constants of ion pair dissociation 
and recombination respectively. 

The general expression for the quenching rate con- 
stant, obtained from this scheme 

k, = WP + (1 +Wkdk,Jk,,l (1) 
may be simplified depending on the relationship between 
k,, and kz3 and k,, and k,,. The approximate expression 
for k, depends on the kind of equilibrium established 
during the course of the reaction, i.e. either between 
the reactants and their encounter complex, or between 
the reactants and the radical ion pair formed as a 
result of electron transfer. In the first case (when 
k,, ~k,,l(l +Wkm)) 

k, =k,, 

In the second case (when k,, B k,,l(l + k,,/k,,)) either 
k,, B- k,, and 

k, =K,,k,,, where K,, = k,,lk,, (4 

or k,,-=szk,, and 

k, = K12Kuk30, where Kz3 = k231k32 (3) 
We investigated the RuLe2+ luminescence quenching 

by various electron acceptors in SDS micelles, and 
found effects of both the viscosity and local polarity 
of the microenvironment on the quenching rate con- 
stants and redox potentials of the reactants. We studied 
and analysed the kinetics of RuLe2+ luminescence in 
the presence of various quencher concentrations to 
obtain true quenching rate constants inside the micellar 
phase. 

A kinetic analysis of some peculiarities of electron 
transfer processes in micelles is given in the Appendix, 
which provides the possibility to obtain the true quench- 
ing rate constants in the micellar phase for a series 
of electron acceptors with various reduction potentials 
and reveals the effects of the micellar phase on the 
diffusion rate constants, redox potentials of the reactants 
and activation barrier of electron transfer. The mobility 
of the reactants is found to be typical for the interior 
of a micelle, but the redox potential shift is close to 
that of the aqueous phase rather than that of the 
relatively less polar micellar interior. 

2. Experimental section 

2.1. Materials 

SDS (SERVA) was used as received. Nitro-substituted 
aromatic compounds were recrystallized; quinones were 
sublimated. Ethanol was used without further purifi- 
cation. All solutions were prepared in either distilled 
or deionized water. 

2.2. Apparatus 

A Specord M40 spectrophotometer and a Per- 
kin-Elmer LS50 spectrofluorometer were used for sta- 
tionary measurements. Fluorescence lifetimes were de- 
termined with a time-correlated, single-photon-counting 
instrument (exciting light pulse decay time, about 1 
ns). 

2.3. Procedure 

Quenching rate constants (k,) and equilibrium dis- 
tribution coefficients of the quenchers between the 
micelles and the bulk phase (p) were obtained from 
the measurement of the RuL6’+ luminescence lifetimes 
at various quencher and micelle concentrations. So- 
lutions of SDS in water of a desired concentration 
were sonicated for 10 min at 35 “C; solutions of lu- 
minophore and quencher were prepared from these 
micellar solutions and sonicated for 5 min at the same 
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temperature. Solutions for experimental measurements 
were prepared by mixing these solutions and the micellar 
solution to obtain the desired quencher concentration. 
Before measurements, all the solutions were thermo- 
statically controlled at 35 “C for at least 30 min. The 
concentrations of luminophore and quencher were con- 
trolled spectrophotometrically. 

Quenching rate constants were determined from lu- 
minescence lifetime measurements. In this case, the 
concurrent absorption of excitation light by the quencher 
could be neglected. For lifetime measurements, a glass 
filter, with a broad transmission bandwidth in the 
wavelength range 400-500 nm, was used. Registration 
was carried out using a monochromator (6OM20 nm). 
Each measurement was carried out during equal time 
intervals (30 min) in a thermostatically controlled cell, 
and was corrected for the background noise measured 
in the cuvette with the same SDS concentration for 
the same time. The decay curves obtained were com- 
puted using the program STATGRAF for exponential 
decay, or a deconvolution procedure for non-exponential 
decay. 

For the calculation of cpolcp values the concurrent 
absorption by some quenchers at the excitation wave- 
length had to be taken into account. In this case, we 
multiplied the measured luminescence intensities by 
10U”, where hD is the difference between the optical 
densities of solutions with and without quencher at the 
excitation wavelength. 

3. Results 

3.1. Kinetics of RuL6’+ luminescence decay 

We studied the kinetics of RuL02+ luminescence 
decay in homogeneous and micellar solutions in the 
absence and presence of various quenchers. The lu- 
minescence decay of RuL6’+ in alcohol solutions is 
exponential in both the absence and presence of quench- 
ers (Fig. 1). The lifetime of *RuL6*+ in the presence 
of oxygen is 240 ns. Apparent values of the quenching 
rate constant k,, determined by the Stern-Volmer equa- 
tion from a linear plot of r,JT vs. [Q] 

T,,/T= 1 +k,r,[Q] (4) 
depend on the reduction potential Eln(QIQ’-) of the 
quencher (Table 1). This confirms that quenching in 
these systems follows the electron transfer mechanism. 
Similar dependences have been obtained previously for 
the quenching of *RuLG2+ by various donors and ac- 
ceptors in other solvents [1,2,26,33,34]. 

In all micellar solutions (except for the system in 
which duroquinone is used as quencher), the lumi- 
nescence decay of RuLG2+ is exponential. The lifetimes 
in solutions of different samples of SDS in the absence 

of quenchers (in the presence of oxygen) vary in the 
range 330-420 ns (probably due to uncontrolled im- 
purities in SDS). In each set of experiments, samples 
of SDS with identical TV values were used. Exponential 
decay in the absence and presence of quenchers provides 
evidence for the kinetic equivalence of all *RuL6*+ 
ions in the micellar systems in the time range under 
study (greater than 10 ns). 

Plots of ‘pOI(p and r&- vs. [Q], (Fig. 2) for systems 
containing toluquinone and 1,3-dinitrobenzene do not 
coincide in homogeneous and micellar solutions. How- 
ever, in ethanol solutions, the &(p plot is linear and 
the TJT plot is sublinear. In contrast, in micellar so- 
lutions, the plot of ‘pO/‘p vs. [Q], deviates from linearity 
(superlinear) and the plot of T~/T is linear. This provides 
evidence (see Appendix, Eqs. (A9) and (AlO)) of the 
establishment of an equilibrium in the excited state 
between the reactants and the radical ion pair in ethanol 
(ks2z+ k&. The same equilibrium was shown in Ref. 
[2] to be established in acetonitrile. For acceptors with 
E,,,(Q/Q’-) < - 1.0 V, the luminescence quantum yields 
were not measured in ethanol. Nevertheless, the de- 
viations of the TJT plot from linearity at high quencher 
concentrations, observed in some cases, and the results 
obtained in Ref. [2] indicate that equilibrium is es- 
tablished in the excited state between the reactants 
and radical ion pairs, when an acceptor with E&Q/ 
a--) < - 1.0 V is used in homogeneous systems. 

For all investigated SDS micellar solutions, a plot 
of TJT vs. the total concentration of the quencher in 
solution ([a],) is linear (Fig. 3). Therefore (see Ap- 
pendix, Eq. (A6)) kzO> k,,. 

For the investigated systems in SDS micelles, ‘p,J’p 
plots coincide with TJT plots for all quenchers with 
EIR(Q/Q’-) > - 1.0 V. Such a coincidence can only be 
observed in the case of “internal” quenching (see 
Appendix) in the absence of static quenching and when 
k,, > k,, (Eqs. (AS)-(All), (A15)). For “external” 
quenching, qO/p and TJT plots must differ by e<“), where 
(n) is the mean number of quencher molecules per 
micelle (Eqs. (A15) and (A17)). For the quencher 
concentrations used, (n) varies in the range 0.5-4 and 
e(“) varies in the range 1.6-55. So, in all systems with 
E,,,(Q/W) > - 1.0 V, “internal” quenching with 
k30z+ k,, is observed. 

As shown above, in SDS solutions, k,,> k,,. The 
cause of the difference between the ‘p0/4p and TJT plots 
in the systems containing quenchers having reduction 
potentials of less than -1.0 V may be either the 
formation of a ground state complex or “external” 
quenching. According to the slower decrease in the 
experimental values of (PT~/(P,,T in comparison with the 
fraction of micelles which do not contain quencher 
molecules PO(n =O), calculated using Eq. (A4) (Fig. 4), 
the contribution of “external” quenching to the total 
quenching in the investigated systems must be rather 
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Fig. 1. RuL6’+ luminescence decay curves in the presence of: (a) duroquinone in ethanol: [a],-0 M (1); 0.69x 10m3 M (2); 1.38~ 10m3 M 
(3); 2.75 X 10m3 M (4); 4.13~ lo-’ M (5); (b) duroquinone in 0.4 M solution of SDS: [Q],,=O M (1); 0.85 X10-j M (2); 1.28~ 10m3 M (3); 
1.71X10d3 M (4); 2.14X10-’ M (5); 2.56~10~~ M (6); (c) 4-fluoronitrobenzene in 0.17 M solution of SDS: [Q]“=O M (1); 0.84X10-’ M 
(2); 1.26~ 1O-3 M (3); 1.61 x 1O-3 M (4); 2.11 x 1O-3 M (5); 2.53~ lo-’ M (6); (d) b enzophenone in 0.4 M solution of SDS: [a],=0 M (1); 
4.5 x lo-’ M (2). 

small (rate constant of dynamic quenching is slightly 
higher than the true rate constant of “internal” quench- 
ing). The formation of a ground state complex in micellar 
solutions has been observed in other systems [25,38-40]. 
Its formation in the case of paraquat cation quenching 
has been observed spectrophotometrically [40]. It should 
be noted that the ground state complex can be observed 
in micellar solutions at much lower total concentrations 
of quencher compared with homogeneous solutions 
because the quencher is concentrated in the micellar 
phase due to solubilization. The true constants of ground 
state complex formation in micelles KC are calculated 
using Eq. (All) (Table 1). 

In the case of toluquinone, the values of the dynamic 
quenching rate constants are surprisingly high for both 
“external” and “internal” quenching; they are signif- 
icantly higher than kdiff, calculated from the diffusion 

coefficients [40,41] for both micellar (1.5 X 10’ M-’ SC’) 
and water (4.4 x lo9 M-l s-l) phases. At present we 
cannot explain this observation. 

The quenching of *RuL,” by benzophenone is not 
observed in micellar solution (luminescence quantum 
yield and lifetime constant at all quencher concentra- 
tions used) (Fig. 1). To estimate the upper limit of k,, 
it is necessary to know the distribution coefficient (p) 
of the quencher between the micellar and bulk phases. 
However, in this system, and in that containing dur- 
oquinone, where the luminescence decay in the presence 
of quencher is non-exponential, the value of p cannot 
be found from luminescence measurements. Neverthe- 
less, it can be estimated from thevalue of the distribution 
coefficient between water and hexane (p’) measured 
spectrophotometrically. For some of the quenchers 
(nitro derivatives), the values of p’ obtained are ap- 
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Fig. 2. Dependence of the RubZ+ luminescence quantum yield (& 
‘+ 9) (1) and the RuL+, luminescence lifetime (7J-r) (2) on 1,3- 

dinitrobenzene concentration in ethanol (a) and in a 0.2 M solution 
of SDS (b). 

proximately one order lower than those obtained for 
micelles (p) (Table 1). Different values of the distri- 
bution coefficients, obtained by different methods, have 
been observed previously for naphthalene derivatives 
[42]. Nevertheless, it can be concluded from the es- 
timated values of p (p> 10’) that at least a large part 
of the quencher is solubilized inside the micelle. The 
limiting values of k, were estimated by Eq. (A13) (Table 
1). 

3.2. Calculations of the true quenching rate constants 

To calculate the true quenching rate constants in 
micelles from the apparent Stern-Volmer constants, 
we need to know the rate-determining factor of quench- 
ing and the local concentration of the quencher in the 
micellar phase. This was done by measuring the 
Stern-Volmer constants in micellar solutions at various 
SDS concentrations (Eqs. (A13) and (A14), Fig. 3). 

3.3. Calculations of the Gibbs energy of electron 
transfer 

The Gibbs energy change of the forward electron 
transfer step AG,, can be calculated [l] from the 
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Fig. 3. (a) Dependence of the RuL, ‘+ luminescence lifetime (T&) 
on the total quencher concentration for various concentrations of 
SDS: 1, 0.045 M; 2, 0.06 M; 3, 0.09 M; 4, 0.1 M; 5, 0.2 M; 6, 0.3 
M; 7, 0.4 M. (b) Dependence of the apparent quenching constant 
(UK) on the SDS concentration for the quenching of *RuL,‘+ by 
1.3-dinitrobenzene. 

reduction potential of the acceptor (E&Q/Q’-)), the 
oxidation potential of the donor (E,,(RuL,~+/RuL,~‘)) 
and the excited state energy of the luminophore 
(E*(RuL,2+)) 

AG,,=FE,,(D+ID)-FE,,,(A,‘A-)-E*(D)-w,+w, 

(5) 
where F is the Faraday number and w, and wP are the 
electrostatic work necessary to bring two product ions 
or two reactants together to the close contact distance 
respectively. Since all the quenchers used are neutral 
molecules, w, is zero. When the quenching of RuL,” 
luminescence was studied in acetonitrile [1,2,33,34], 
AGE: was calculated by Eq. (5), using the electro- 
chemical potentials of the reactants measured in ace- 
tonitrile, and w,, was calculated from 

wp = (z,z,e2/~d)l( 1 + pd~“~) (6) 

where z, and zb are the charge numbers of the two 
product ions, E is the static dielectric constant of the 
medium, d is the sum of the radii of donor and acceptor, 
p is the ionic strength of the medium and p= (8~N~el 
1000&,7). For the investigated systems in acetonitrile 

‘PTo/% 7- 

PO 

o.oh 0.000 @.COZ 0.004 
[Qlo 8 M-l 

[$]a > M-' 

Fig. 4. Dependence of (PT~/(P~T (1) and PO (2) (Eq. (A4)) on quencher 
concentration for 1,3-dinitrobenzene (a) and toluquinone (b) in a 
0.2 M solution of SDS. 

[2], p=O, z,= t-3, zb= -1, d=1.09 nm, l =37.5 and 
wp= -13.4 kJ mol-l. 

We used the AG:: values, calculated for acetonitrile, 
as the universal scale for all investigated systems in- 
cluding micelles. 

3.4. Dependence of the rate constants of electron 
transfer on the Gibbs energy change of electron transfer 

When the transition state theory is applied, the rate 
constants of elementary reactions k, (where 0 = 23, 32, 
30) can be written as 

k,=(K,k,T/h) exp(-AGGlRT) (7) 

K, is the electronic transmission coefficient and AGiy 
are the Gibbs energies of the corresponding reactions. 
The equilibrium constant can be represented as 
K23 = exp( - AG231Ro. 

The quenching rate constants can be expressed in 
different ways, depending on the k,,lk,, ratio. When 
km >> k,, 

k,=k,,l[l+k,,~,~-~ exp(AGjlRT)] 

When k,, -=s< k,, 

(8) 
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k,=k,,/{l +k21[~23-1 exp(AGj/RT) 
+kyl expWdV1~ (9) 

where uZ3 is the frequency factor of k,, and AG,, = AG,,. 
The dependence of the activation energy on the 

Gibbs energy of electron transfer AG,, can be described 
by the empirical Weller equation [35] 

AG,:=AG,,/2+ [(AGO’)‘+ (AGZ3/2)‘]“’ 

or by the theoretical Marcus equation [43] 
(10) 

AG,: = (h/4)(1 + AG,,//Q2 (11) 
where AG,’ =h/4 is an activation parameter corre- 
sponding to AG,,= 0 and A represents the sum of the 
inner- and outer-sphere reorganization energies. Eqs. 
(10) and (11) give similar plots for AG; vs. AG,, in 
the range -30 <AG,, < +30 kJ mol-’ (however, Eq. 
(11) predicts a decrease in the rate constants at high 
negative values of AG,,, which occurs only in special 
cases). 

A comparison of the relationship between k, and 
AG,, in acetonitrile, ethanol, water and micelles (Fig. 
5) shows that there are three solvent-dependent pa- 
rameters: (1) the diffusion limit (k12), determined by 
the rate constants at highly negative values of AG::; 
(2) the shift along the AGE: axis (8) determined mainly 
by points at positive values of AGE:; (3) the curvature 
in the transition region between the horizontal and 
inclined branches of the relationship (at AG,, close to 
zero). As noted above. we used the AG:: values for 

A? 
: 9.0 

- 

7.0 - 

5.0 - 3 

I , ! I 
-10 40 90 140 

A Get 3 kJ mol-’ 

Fig. 5. Dependence of the quenching rate constants on the Gibbs 
energy of electron transfer (AC::), calculated from the redox po- 
tentials of the reactants in acetonitrile (Eq. (5)), for the quenching 
of Rub’+ luminescence by electron acceptors: 0, acetonitrile [1,2]; 
0, ethanol; A, water; 0, SDS micelles. The full curves indicate the 
fitting in terms of Eq. (12). The broken curve for SDS micelles 
corresponds to the fitting of 6 with fixed AG,:. 

acetonitrile, calculated by Eq. (5), as the universal AG,, 
scale for all investigated systems. 

The shift along the AC:: axis, denoted by parameter 
6, has a positive value for acetonitrile and negative 
values for all the other solvents, increasing in magnitude 
from ethanol to SDS micelles and water (Table 2). In 
SDS and water solutions, 6 appears to be significantly 
higher (approximately 100 kJ mol-l) than in organic 
solvents, although the diffusion rate constant in micellar 
solutions corresponds to a medium with high viscosity. 
The change in the electrochemical potentials of both 
RuLG2 + and the investigated electron acceptors in water 
compared with acetonitrile results in a decrease in AG,, 
by about 100 kJ mol-I. The reasons for this change 
will be discussed later. Thus AG,, for the investigated 
systems in SDS micelles is close to AG,, in water 
solution. 

In order to analyse the influence of the different 
solvent properties on the quenching rate constants, the 
experimental relationships between k, and AGZ: were 
approximated by Eqs. (lo)-( 12) 

k, = k,,l[l +b exp({AG/2 

+ [(AG;)2+ (AG/2)‘]“‘}/RT)] (12) 

where AG =AG:: + 8, and the parameters AG,’ and 
6 were fitted (coefficient b = k,, vZJpl was assumed to 
be equal to 0.01 [34]). P arameter S formally allows for 
a change in AG,, in a given solvent compared with 
AG::. The reasonable scatter of the experimental data 
(Fig. 5) indicates that the approximation of a roughly 
constant “shift” of the redox potentials of the quenchers 
for the given solvents (for example, between acetonitrile, 
ethanol and water) is adequate. It should be noted 
that 6 includes not only the true change in AG,, in a 
given medium compared with acetonitrile (AAG), but 
also the rate constants k,, and k,, or k,, and v,,. If 
k,, -=xk,, and k,,k,,lk,k,,>> 1, then 

In k, = In k,, - [AG + RT ln(k,,/k,,)]/RT 

and 

(13) 

6 = AAG + RT ln(k,,/k,,) (14) 

If k,, -K k,, and k,, >> k,,, then in the AG,,>> AG$ 
limit 

6 = AAG -I- RT ln(k,,/v,,) (15) 

Experimental difficulties, associated with the selection 
of weak acceptors as quenchers which could be sol- 
ubilized in micelles, did not allow us to obtain many 
points on the log k, vs. AG:: relationship in the kinetic 
region. For quinaldic acid, whose quenching rate con- 
stant in the micellar phase has the lowest value, the 
electrochemical potential in acetonitrile is not known, 
and a direct calculation of AG:: in acetonitrile is 
impossible. However, using the Eln value of quinaldic 
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Table 2 
Diffusion rate constants (k,J and parameters AC; and 6 (see text, Eq. (12)) in various media 

System 

Rub’+ + electron 
acceptors 

RI&*+ + 
methylviologens 

Medium 

Acetonitrile 

Ethanol 
Water 
SDS micelles 

Water 

k 12 
(M-’ s-‘) 

1.5 x 1O’O 

4.0 x lo9 
4.4 x lo9 
1.5 x 10” 

gFmo*- ‘) 

14+3 
17.8 = 
24k2 
23*1 

(24)b 
(4Oi-5)' 

22 

mot-‘) 

+12*3 
- 

-19*4 
-107k2 

-88k4 
(-120+30) 

Ref. 

PI 

[441 

Pyrene, 
N-ethylcarbazole, 
N-methylphenothiazine + 

metal ions 

Water 
SDS micelles 

25 - [321 
54 [321 

‘Data from Ref. [l], recalculated by Eq. [12]). 
b Data obtained by fitting of both parameters. 
‘Data obtained by fitting of S with tixed AG,‘. 

acid in water (-0.86 V) [3], we can estimate the 
AGE: value in acetonitrile (40 kJ mol-l or more). It 
should be noted that a different mechanism of quenching 
by quinaldic acid (e.g. energy transfer) is highly im- 
probable since the lowest excited state of the RuL6’+ 
complex has a lower energy (2.1 eV) than the T, level 
of quinoline derivatives (2.7 eV) [45]. 

4. Discussion 

The data presented in Table 2 and Fig. 5 can be 
used to analyse the effects of the medium on the 
diffusion rate constants, the difference between redox 
potentials of the reactants (related to parameter 8) 
and the activation energy of electron transfer in homo- 
geneous solutions and SDS micelles. In spite of the 
low accuracy of determination of the last two parameters 
in SDS micelles, because of the lack of a sufficient 
number of experimental points in the kinetic region 
(k,, <k, < lo7 M-l s-l), several conclusions could be 
drawn. 

4.1. Change in the diffusion rate constant k,, 

The decrease in the upper limit of the quenching 
rate constant (k,,) (at AG,, ~0) in ethanol, water and 
SDS micelles compared with acetonitrile is consistent 
with the difference in the viscosity of these media (1.0, 
1.1 and 0.3 CP for ethanol, water and acetonitrile 
respectively [46], and 30 CP for SDS micelles [41]). 
Therefore the mechanism of quenching of *RuLs2+ 
involves the diffusion of the reactants inside the micelle. 

4.2. Change in the redox potential difference 

The value of parameter 6 in acetonitrile coincides 
with w,, used for the calculation of AG,“: by Eq. (5) 
from redox potential data, but has the opposite sign. 
This indicates that the experimental value of wp in 
acetonitrile is close to zero. 

The decrease in 6 in ethanol may be caused by two 
factors: (1) a change in AG,,; (2) an increase in k,, 
and a transformation of the quenching mechanism to 
irreversible radical ion pair formation (k3* < k3,,). How- 
ever, for such a profound change in 6 ( - 26 kJ mol- ’ 
compared with acetonitrile), k,, would be greater than 
lOlo s-l, which is unreal. The non-linear plot of Q-~/Q- 
vs. quencher concentration in the investigated systems 
in ethanol indicates that this stage of the reaction is 
reversible. Therefore the decrease in 6 originates from 
the change in AG,, (6 = AAG,,). 

In water, 6 appears to be significantly higher than 
in organic solvents. The experimental values of the 
redox potentials of both RuLGZ+ and the investigated 
electron acceptors differ significantly in water and ace- 
tonitrile, although the difference in w,, calculated (Eq. 
(6)) from the difference in the dielectric constants of 
the medium (~=37.5 and 78 for acetonitrile and water 
[46] respectively) is much smaller ( - 13.4 and - 6.7 kJ 
mol-l respectively). The experimental value of the 
RuLGZf oxidation potential decreases from 1.29 V to 
1.03 V (vs. SCE) on going from acetonitrile to water 
[47], and the reduction potentials of the quenchers [3] 
increase by 0.65-0.92 V. The relatively narrow range 
of the difference between the reduction potentials of 
the electron acceptors in acetonitrile and aqueous so- 
lutions indicates that it is possible to assume that the 
“shift” in the redox potentials of various compounds 
of a similar kind between the two given solvents is 
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roughly constant in the first approximation. Thus the 
significant difference between the redox potentials in 
water and organic solvents (even protic solvents) in- 
dicates the importance of the specific solvation in 
aqueous solutions for both the ruthenium complex and 
organic quenchers. The nature of these specific solvent 
effects is not investigated in this paper. However, these 
effects may be used to reveal the peculiarities of electron 
transfer reactions in organized molecular systems. The 
changes in the electrochemical potentials result in a 
very strong (0.91-1.18 V) decrease in the difference 
(E,,(RuL,~‘/RuL,~+) -E&Q/Q-)). The values of 
AG,, (Table l), calculated from experimental redox 
potentials, are approximately 90-110 kJ mol-l lower 
in water (AGyt) than in acetonitrile (AGE:). The sig- 
nificant difference in AG,, between water and other 
solutions is confirmed by the values of the quenching 
rate constants in these solvents. Thus for 4-nitroanisole 
in water, k, is 4.2 x 10’ M-l s-l, whereas in acetonitrile 
and ethanol, it is less than lo6 M-l s-‘. 

In SDS micelles, the observed value of 6 was found 
to be about 90 kJ mol-‘. This large value of 6 cannot 
be explained by an increase in k,,. However, this value 
is close to the value of 6 in aqueous solution, and to 
the change in the difference between the redox potentials 
of RuL,2’ [47] and the electron acceptors in water [3] 
compared with the other solvents. A relatively small 
alteration of AG,, originates from the difference between 
the energies of the excited states of RuL6’+ in SDS 
relative to homogeneous solutions. The luminescence 
spectra of RuL, ‘+ in acetonitrile, water and ethanol 
are similar (A,,,= 608-610 nm), but in SDS solutions 
the spectrum is shifted to longer wavelengths (A,, = 628 
nm). ForE *(RuL,‘*), we used the energy corresponding 
to the inflexion point at the short-wavelength band of 
the emission spectrum. For acetonitrile, water and 
ethanol, E*(RuLe2+)=209 kJ mol-‘, and for SDS 
micelles, it equals 200 kJ mol-I. This causes a decrease 
in AG,, in micellar solutions by more than 9 kJ mol-’ 
relative to acetonitrile. Thus AG23 for the investigated 
systems in SDS micelles is close to AG,, in aqueous 
solution. 

4.3. Change in AGZ 

The values of AG G for ethanol, water and SDS 
micellar solutions are similar and close to literature 
data for water (Table 2). 

We obtained a slightly lower value of AG,’ (- 14 
kJ mol-‘) for acetonitrile than calculated in Ref. [l] 
(-17.8 kJ mol-‘) from the same data, because we 
varied both parameters (AG,P and 6) instead of only 
one parameter (AG,‘) in Ref. [l]. The lower value of 
AG,’ may be attributed to the shift along the AG,, 

axis due to the formal interrelationship between 
AG,’ and 6. It can be seen (Eq. (12)) that, in the 
kinetic region, when k, <k,, and the values of AG,, 
and k, are fixed 

AG=AG:;+G=/3-(AG$)21/3 (16) 

where /3 = - 2.3R~log(k,/k,,) + log b]. The accuracy of 
the determination of AG,’ is rather low, but the fitted 
value of S is hardly affected by AGC when k,lk,, < lo-‘. 
When the AGZ value is varied from 10 to 20 kJ mol-‘, 
the value of AG,, at a given k, value varies from 20 
to 7 kJ mol-l. Since the parameters AGo’ and 6 are 
mutually correlated, and the number of experimental 
points in the transition region is too small, we used 
two methods of fitting: (1) fitting at fixed AG,f, which 
was taken to be equal to the value obtained for aqueous 
solutions; (2) fitting of both parameters. In the second 
case, the inaccuracy in the determination of 6 is larger 
(Table 2). 

The value of AG,” for SDS solution, obtained in 
Ref. [32], is greater than our value (54 kJ mol-l). This 
difference may be attributed to the fact that, in Ref. 
[32], only one parameter (AG,‘) was fitted ignoring 
the possible change in AG,,, and apparent rather than 
true quenching rate constants were used. 

4.4. Comparison of medium effects in SDS rniceiles 

As noted above, AG,, in SDS micelles, for the 
investigated systems, is close to AG,, in aqueous solution 
and indicates a polar microenvironment of the reactants. 
However, at the same time, the spectral properties of 
RuL,‘+ in SDS solutions (emission maximum, halfwidth 
of the emission band [4]) and the value of the limiting 
diffusion rate constant are typical of high-viscosity media 
(i.e micelle interior with a low polarity). 

This contradiction points to a considerable reorgan- 
ization of the local microenvironment and a specific 
effect of water molecules (probably water cluster for- 
mation) during the reaction of *RuLe2+ with electron 
acceptors in micelles. The value of AG, must be strongly 
dependent on the local microenvironment of the 
*RULE*+ and electron acceptor molecules. It has been 
shown by the magnitude of the D,O/I&O isotope effect 
on the lifetimes of Ru and OS complexes in water and 
micellar solutions that approximately 30% of the ligand 
surface of RuL2+ localized in micelles is accessible 
to water molecules [16]. Other data [48,49] also indicate 
that RuL2+ is localized in the outer sphere of micelles. 

The hydrated ion pair formed by electron transfer 
must dissociate rapidly (k30> 10” s-l) [34], and its 
formation must be irreversible (k30 B- k32). 
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5. Conclusions 

We have investigated the oxidative luminescence 
quenching of RuL,‘+ by various quenchers (quinones 
and nitroaromatic compounds) in homogeneous (organic 
and aqueous) solutions and SDS micelles. RuL6’+ 
luminescence decay in micellar solutions, for most of 
the investigated systems, is exponential, enabling the 
quenching rate constants and distribution coefficients 
of the quenchers to be obtained. An analysis of the 
reaction kinetics in micellar solutions has shown that, 
in systems in which the redox potential of the quencher 
E,,(Q/Q-) < 1.5 V, internal quenching is observed, i.e. 
reaction of *RuLQ+ with a quencher molecule solu- 
bilized inside a micelle. In these systems, true intra- 
micellar quenching rate constants were obtained, 
enabling the electron transfer reactions in micelles 
and homogeneous solutions to be compared. 

A distinguishing feature of the investigated systems 
(*RuLhzf + electron acceptor) is the large difference 
between the electrochemical potentials of the reactants 
in organic solvents and aqueous solutions. This results 
in a significant decrease in the Gibbs energy of electron 
transfer AG,, in aqueous solutions relative to aceto- 
nitrile, which is confirmed by the quenching rate con- 
stants obtained. In SDS micelles, the AG,, values are 
similar to those in water, although the spectral properties 
of RuLGZ+ and the value of the limiting diffusion rate 
constant are typical of media with medium polarity and 
high viscosity. This suggests a considerable reorgani- 
zation of the local microenvironment of the RuL,‘+ 
complex and quencher (probably water cluster for- 
mation) during electron transfer and a specific effect 
of the surrounding water molecules on the reaction 
kinetics. Thus solubilization in the micellar phase en- 
ables the local concentrations and mobility of the reac- 
tants to be changed while retaining their effective redox 
potentials in water solution. 

Appendix: Determination of the true quenching rate 
constants inside micelles 

A good analysis of the mechanism of RuLea+ lu- 
minescence quenching is given by Miyashita et al. [28,29], 
Turro and coworkers [6,8] and others [15,17,19,25,31]. 
However, for a correct determination of the true bi- 
molecular rate constants of luminescence quenching 
inside micelles, we had to develop a more detailed 
analysis of the luminescence quenching kinetics in 
micellar solutions for monoexponential luminescence 
decay. 

Several problems arise when determining the true 
quenching rate constants in micellar systems [15,19,20]. 

(1) Single or multi-exponential luminescence decay. 

(2) Static quenching and establishment of an equi- 
librium in the excited state. 

(3) The elucidation of the rate-determining factor 
of quenching in micelles. 

(4) Calculation of the true quenching rate constants 
from the apparent quenching rate constants obtained 
experimentally at particular concentrations of the sur- 
factant. 

There are two kinetic types of photoreaction in 
micelles and other microheterogeneous systems related 
to the different relationships between the reaction rate 
and the rate of relaxation of the reactant distribution 
between the particles of the microphase (such as micelles 
or vesicles). The first type occurs when the exchange 
rate of the reactant between the micelles or between 
the micelles and the bulk phase is higher than the 
decay rate of the luminophore excited state. This results 
in an averaging of the number of reactant molecules 
over all the micelles and first-order kinetics of excited 
molecule decay. In this case, the pseudophase model 
of reaction kinetics can be used [9,19,20]. The quencher 
distribution between the micelles and the bulk water 
phase is characterized by the distribution coefficient p 

P = [QMQlv (Al) 
where [Q], and [Q], are the quencher concentrations 
in micellar and water phases and 

[Ql, = [Qldl/~+ USI - cmc)l (AZ) 
where [Q], is the total concentration of the quencher 
in micellar solution, o, is the surfactant molar volume, 
[S] is the molar concentration of the surfactant and 
cmc is the critical micelle concentration. A microscopic 
approach to the multistage chemical equilibrium of the 
quencher between micelles [20] gives a similar expres- 
sion, using K,=pv,z, where Kb is the binding constant 
of the quencher molecule with the micelles and z is 
the aggregation number (for SDS [21], v,==O.3 M-r 
and z=62). 

The second kinetic type occurs when the exchange 
rate of reactant molecules between the micelles or 
between the micelles and the bulk phase is significantly 
slower than the decay rate of the excited molecules, 
and a discrete distribution of reactant molecules between 
micelles must be considered. In this case, different 
numbers of quencher molecules are present in different 
micelles, and the kinetic curve of excited molecule 
decay is the sum of the decay curves for a number of 
first-order reactions, corresponding to different local 
quencher concentrations, i.e. the luminescence decay 
is non-exponential [19]. A microscopic approach leads 
to a Poisson distribution of quencher molecules between 
micelles [20]. The probability P, of finding a number 
12 of quencher molecules in a given micelle is 

P,=(n)” e-(“)/rz! G43) 
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where (n) = [Q],/(llpv,z + [MI) is the mean number 
of molecules of Q per micelle and [M] is the concen- 
tration of micelles ([Ml = ([S] - cmc)/z). The fraction 
of micelles containing no quencher Q is given by 
PO= e-c”) tfQ9 

Ground state complex fonnation and equilibrium in the 
excited state 

In some of the systems investigated (in both homo- 
geneous and micellar solutions), the dependence of the 
luminescence quantum yields (&rp) of the RuLeZ+ 
complex on the quencher concentration does not co- 
incide with that of the luminescence decay lifetimes 
(rO/r). There may be two reasons for this: (1) the 
formation of a complex in the ground state (static 
quenching); (2) the establishment of an equilibrium in 
the excited state. They may be distinguished by different 
dependences of cp and T on the concentration of the 
quencher. For static quenching 

cpoh= (l+&[QIX1 +k,~,[Ql) (A3 
TO/T = 1+ k, ~,[a] (A6) 
cpodqxo = 1 +K,[Q] (A7) 
where KC is the equilibrium constant of ground state 
complex formation. In general, in addition to ground 
state complex formation, an equilibrium is established 
in the excited state between the reactants and the 
radical ion pair 

cpolcp= (1 +K,,K&o~o[QI)(~ +&[Ql) (A@ 
~oh= (1 +K&&~o[QIY(~ +K&,[Ql) tw 

cpodvo= (1 +KJMQl)(l +&tQI) 
= 1 + KJG, + KcXQl (AlO) 

When a ground state complex is formed, the plot of 
‘pO/‘p vs. [Q] shows positive deviations from linearity 
(superlinear) and the r,Jr plot is linear (Eqs. (A5) and 
(A6)). If a ground state complex is not formed, the 
‘p& plot is linear. A plot of rO/r shows negative 
deviations from linearity (sublinear) when equilibrium 
is established in the excited state (Eq. (A9)). The sum 
of the ground state complex formation constant and 
the equilibrium constant in the excited state can be 
obtained from the plot of ‘pOr/(prO vs. [Q] (Eq. (AlO)). 

Elucidation of the rate-determining factor of quenching 
in micelles 

The quenching rate constants obtained by Eq. (A6) 
depend on the rate-determining factor of quenching 
(in terms of formal kinetics). Exponential luminescence 
decay in the presence of a quencher may be observed 
in micellar solutions in two cases. 

(1) The rate of quenching is determined by the rate 
of interaction of the excited molecule with the quencher 
inside the micelle (k,[Q], = l/r,,; k, -=z (k,,, +k,[M]); 
pu,,,([S] - cmc) = 1, where k,,, is the exit rate constant 
of the quencher and k, is the rate constant of direct 
intermicellar exchange of the quencher molecules). We 
call this “internal” quenching, i.e. reaction with the 
quencher molecule localized in the micelle. The rate 
of quenching depends on the quencher concentration 
inside the micelle and Eqs. (A8)-(AlO) can be rewritten 
as 

(PO/~ = t~oh)tl +&[Qlm> 
= (‘~~h){l +K,[Q],l[l/p+~,([S] - cmc)]) (All) 

In 1(t)=ln I(O)- (l+k,rOIQlm)t/rO (Al21 

T~/T= 1+ k, ~~[Q]~/[l/p + v,( [S] - cm)] 

= 1+ ~[a], (Al3) 

UK= [l/p + a,,,( [S] - cmc)]/k, 7. C-414) 

(2) The rate of quenching is determined by the rate 
of entrance of the quencher into the micelle. This 
occurs when the intramicellar rate of quenching is very 
high (l/r0 ak,[Q],; [Q],k. = l/70; mm([S] - cmc) z l), 
and luminophore emission is observed almost solely 
from micelles which do not contain quencher molecules 
(similar to static quenching). All of these luminophore 
molecules will be quenched dynamically by every 
quencher molecule entering a micelle. We call this type 
of quenching “external” quenching. In this case, the 
rate of quenching depends on the quencher concen- 
tration in the bulk phase, and taking into account the 
possibility of ground state complex formation 

‘poI’p= e’“‘(r&)(l + KJQ],) 

=e(“)(r,Jr){l +K,[Q],/[l/p+v,([S]-cmc)]} 

(Al3 

In 1(t)=ln I(O)- (1 +ke,“‘TOIQ],)tPrO W6) 

where ky’ is the rate constant of “external” quenching. 
Then 

T~/T= 1 +c’rOIQ], 

= 1+ K,+OIQ]O/[ 1+ pv,( [S] - cmc)] 

= 1+ K[Q], (Al7) 
UK= [l + pm([S] - cmc)]/k~‘rO (A 18) 

Eqs. (A14) and (A18) are similar, but the quenching 
rate constants obtained (k, and kqXL) have very different 
physical meaning. The two mechanisms cannot be dis- 
tinguished by measurement of the rO/r vs. [Q], plot. 
However, the absence of emission from luminophore 
molecules localized in micelles containing one or more 
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quencher molecules can be used to distinguish between 
them. In the case of “external” quenching, we should 
observe a behaviour resembling “static”quenching. The 
contribution of “static” quenching can be evaluated 
from a comparison of the dependence of the ratios 
(PT,J(P~T and Z(O)/I,(O) (initial intensities of the lumi- 
nescence decay kinetic curves (at their maxima)) on 
the quencher concentration and the fraction of micelles 
containing no quencher (calculated from the relative 
concentrations of quencher and micelles by Eq. (A4)) 

p~~/qw=~(0)&(0) = e-(“)/(I +&[Q],> (A19) 
The absorbance of the quencher at the excitation wave- 
length must be taken into account when C+T and I(0) 
are measured. 
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