Available online at www.sciencedirect.com

Journal of

sclsncs(dmnscro PhOtOChdemiStI'y
s@ an .

P _ Photobiology
e A:Chemistry
ELSEVIER Journal of Photochemistry and Photobiology A: Chemistry 171 (2005) 83-90

www.elsevier.com/locate/jphotochem

Photoinduced electron transfer reactions of ruthenium(ll) complexes
containing 2,2bipyridine-4,4-dicarboxylic acid with phenols
Steric and charge effects

Kalaiyar Swarnalattfa Eswaran Rajkum&r Seenivasan Rajagopdl, Ramasamy Ramafq;
Yi-Long LuP, Kuang-Lieh L&, Perumal RamamurtRy

2 School of Chemistry, Madurai Kamaraj University, Madurai 625021, India
b Institute of Chemistry, Academia Sinica, Taipei 115, Taiwan
¢ Department of Inorganic Chemistry, University of Madras, Chennai 600025, India

Received 12 May 2004, received in revised form 21 July 2004; accepted 28 September 2004
Available online 11 November 2004

Abstract

Luminescent mixed-ligand ruthenium(ll) complexes of type R(M-, (L=2,2-bipyridine, X =2,2-bipyridine-4,4-dicarboxylic acid,
n=0,1,2,3) have been synthesized and their photophysical and electrochemical properties are investigated. The emission lifetime measurec
for RuL,Xs_ reveals that the lifetime increases as the ligand L is replaced by X. The luminescence quencRing.¥_, with several
substituted phenolate ions in agueous medium is efficient and the change of quenching rate data with the change of structure of ligand of
RuL,X3_n and phenolate ion is explained in terms of exergonicity of the reaction, electron transfer distance and charge effect. The semiclassical
theory of electron transfer has been successfully applied to this photoredox system.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction electron transfer reactions of Ru(Il)—polypyridyl complexes
by introducing electron donating alkyl groups in the’4,4
Luminescent 8 transition metal complexes, in particu- position of 2,2-bipyridine and by introducing another ni-
lar Ru(ll) complexes, are useful as photosensitizers for en-trogen in the pyridine ring23-28] In order to realize the
ergy and electron transfer procesgés10]. The excited effect of introducing electron withdrawing groups inthe'2,2
state properties of Ru(bpA™ (bpy = 2,2-bipyridine) are bipyridine on the excited state properties of Ru(ll) complexes,
largely affected by the introduction of electron-donating and carboxylic acid, sulphonic acid, phosphonic acid and triflu-
-withdrawing groups in the 4;4osition of 2,2-bipyridine oromethyl groups have been introduced in thé-p@kition
[11-22] With these changes in the ligand, it is possible of 2,2-bipyridine and the photophysical properties of these
to tune the excited state properties like emission lifetime, complexes have been extensively studiz®d-33] Amongthe
quantum yield, wavelength of emission maximum and redox ligands indicated above, the ligand carrying carboxylic acid
potential. In the past one decade, we have done a considerreceived special attention, because it can be anchored on a
able amount of work on the photophysics and photoinduced semiconductor to achieve efficient solar energy conversion

[34-37]
* Corresponding author. Tel.: +91 452 2458246; Many eff(,)rts have been m?d‘? n re_cent yearg to dg3|gn
fax: +91 452 2459139/105. and synthesize molecules to mimic the important light driven
E-mail addressseenirajan@yahoo.com (S. Rajagopal). process, photosystem [[B8—42] Realizing the importance
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of Ru(ll)—polypyridine complexes as model photosensitiz- 2.3. Luminescence lifetime measurements

ers and phenols as electron donors in photosystem II, we

have investigated the photoinduced electron transfer reac- The excited state lifetimes of the four *RyX3_, com-
tions of ruthenium(ll)—polypyridyl complexes with several plexes in aqueous solution at pH 12.5 and 298K were
phenols in aqueous mediuf@4—-28] From the recent ex- measured using time-correlated single photon counting (TC-
perimental observations, we have realized that the stericSPC) technique, after purging the solutions with dry argon
effect on the photoinduced electron transfer reaction is sig- for 30 min and the details are given in the previous reports
nificant only if both the reactants, *Ru(Npf" and ArO™, [25,27]

carry bulky alkyl groups[28]. Apart from the size, the

charge on the reactants also affects the rate of the reac2 4. Electrochemical measurements

tion [30,43,44] As the titled reaction has been studied at

pH 12.5 the charge on the metal complex varies from +2  The redox potentials of RyX3_, complexes and the oxi-

to —4 when we substitute the ligand 2/@ipyridine by 2,2- dation potentials of phenolate ions were determined by cyclic
bipyridine-4,4-dicarboxlyic acid. Further the introduction of  yoltammetric technique using EG & G Princeton Applied
electron-withdrawing groups like —-G@ inthe ligand makes  Research Potentiostat/Galvanostat Model 273A. Samples of
the Ru(ll) complex more powerful electron acceptor, i.e., 1 mM solutions of the complexes for the electrochemical
AGP more negative and favours the reaction. Considering all studies were prepared in aqueous solution (pH 12.5). Potas-
these aspects we have prepared Ru(ll) complexes usifig 2,2 sjum chloride was used as the supporting electrolyte. A glassy
bipyridine-4,4-dicarboxylic acid as the ligand and used them  carbon electrode (working electrode) and a standard calomel
as photosensitizers to understand the role of steric and charggeference electrode were used in the electrochemical mea-
effects on the photoinduced electron transfer reactions. Thesyrements. Cyclic voltammograms were recorded after purg-
observed results on the photophysics of Ru(ll) complexes ing the solution with dry nitrogen gas for 30 min. The redox
and photoinduced electron transfer reactions of these Com-potentia| values of Ru(”) Comp|exe5 and pheno]ate ions used
plexes with phenolate ions are presented in this report. Thesen the study are collected ifiables 1 and 3respectively,
results are compared with our recent observations on the phoand redox potentials are close to the literature valR@6]

toinduced electron transfer reactions of tris(4jlkyl-2,2-  The redox potentials of the excited state couples are calcu-
bipyridine) ruthenium(ll) complexes with phenolate ions in - |ated from the potentials of the ground state couples and the
aqueous acetonitril28]. zero—zero energ¥o_o (found to be 2.1 eV).

E(Ru2+*/+) = E(Ru2+/+) + Eo-o
2. Experimental

2.1. Materials 2.5. Luminescence quenching measurements

The ligand, 2,2bipyridine and Ru@-3H,0 were ob- The photochemical reduction of RgX3_, complexes
tained from Aldrich and the phenols were purchased from with phenolate ions has been studied by the luminescence
Fluka and Aldrich and used as obtained. The ligand-2,2 quenching technique. The sample solutions were purged
bipyridine-4,4-dicarboxylic acid has been obtained by the carefully with dry nitrogen for 30 min. The luminescence
oxidation of 4,4-dimethyl-2,2-bipyridine by adopting the ~ measurements were performed at different quencher concen-
reported procedur@45]. The four complexes RuX3—n, tration and the quenching rate constégtyalues were deter-
where n=0,1,2,3; L=2,2bipyridine(bpy) and X=2,2 mined from the Stern—Volmer plot using the equations given
bipyridine-4,4-dicarboxylic acid(dcbpy) were prepared by pelow.
reacting RuG-3H,O with the corresponding ligands by
known procedurdg9]. Io/I =1+ Ks[Q]

3 . ) KSV = quO
2.2. Absorption and emission spectral measurements

Here lp and | are the luminescence intensities of Ru(ll)

Sample solutions of the metal complexes and the complex in the absence and presence of quenékgr, the
guenchers have been freshly prepared for each measuremen§tern—\Volmer constarky, the quenching rate constant and
The absorption spectral measurements were carried out usz?, the luminescence lifetime of RyX3_,, in the absence
ing JASCO-7800 double beam spectrophotometer. Emissionof quencher. A sample Stern—\Volmer plot is showirig. L
intensity measurements were carried out using F-4500 spec-Phenolate ions for the quenching studies and electrochemical
trofluorometer. All the sample solutions used for emission measurements were prepared by mixing the corresponding
measurements were dearated for about 30 min by dry nitro-phenol with NaOH and the pH of the solution was main-
gen gas purging by keeping solutions in cold water to ensuretained at 12.5 to confirm that the quencher was present as
that there is no change in volume of the solution. phenolate ion.
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[Ru(bpy)(dcbpy),I* & 4-Bromophenolate ion shift of 30 nm has been observed when one ligand containing
45 —CQOyH group is introduced in the place of bpy, no substan-
a tial change is observed on further substitution. Luminescence
35 lifetimes for the Ru(ll) complexes in aqueous medium at pH
5 12.5 have been measured in the present study and collected

in Table 1 Though ther values of these complexes in aque-

i , ous medium are available in the literature the experimen-
tal conditions used in this study are different, i.e., pH 12.5.
e Hence, the measurements have been done at pH 12.5 and
1 the measured values vary slightly from the reported values
05 R? =0.9992 [29].
. 0 0.001 0.002 0.003 0.004 0.005 0.006
[Ql, M 3.2. Redox potentials
Fig. 1. Sztern_—VoImer plot for the redu_ctive quenching 6R{i(bpy) The redox potentials collected iFables 1 and Zhow
g:czt;%yi] with 4-bromo phenolate fon in aqueous medium at pH 12.5 o4 1he value varies slightly with the change of ligand in

RulLyX3_p but substantially with the structure of phenolate
ion. Itis to be remembered that the electron-withdrawing car-
3. Results and discussion boxyl group presentin the ligand is in the form of carboxylate
ion and the electron- withdrawing power of —€0Ois less
The structures of the ligands and the quenchers used incompared to —CgH, which is clearly understood from the
the present study are shown filg. 2 The absorption and Hammet values 0.40 and 0.11, respectivgd{]. To have a
emission spectral data, the excited state lifetimy@(d redox comprehensive study on the dynamics of the electron transfer
potentials of the Ru(ll) complexes in agueous solution at pH reaction of a redox couple there must be a substantial change

12.5 were measured and the data are collectdalibe 1 in the AGP value. TheAGP values collected iffable 3 show
that the change in G° value is more than 0.6 eV through the
3.1. Electronic spectra and luminescence lifetimes change of the redox couple.

The wavelengths of absorption and emission maxima of 3.3. Luminescence quenching rate constants
RulLyX3_n complexes in aqueous medium at room tempera-
ture and pH 12.5 are presentedTiable 1 The strong high- The experimental bimolecular quenching rate constants,
energy absorption in the 285-300 nm region corresponds tokq for the quenching ofRuL,X3_, with phenolate ion and
thew—m" (LC) transition and the low energy absorption inthe  its substituted analogues in aqueous medium at pH 12.5 are
420-470 nm region is assigned to the-é- (MLCT) transi- given inTable 2 The Stern—Volmer plots are linear with the
tion [1-10]. The heteroleptic complexes give rise to different intercept unity for all photoredox systems, confirming that
absorption maxima corresponding to the ligands coordinatedthe quenching process is predominantly dynamic and con-
to the metal centre. In the case of [Ru(bggcbpy)f and tribution from static quenching is negligible. The electron
[Ru(bpy)(dcbpy)]2~ complexes the absorption at 288nm transfer nature of the quenching ¢gRu(NN)s]?* with phe-
corresponds to ther—r" transition of bpy and 300nm to  nolate ions has already been established by us from laser
dcbpy. The MLCT transition involves electronic excitation flash photolysis study and the spectrum of phenoxyl radical
from the metal orbital [¢t(Ru)] to the ligand centred accep- reported in previous publicatiorj25-28] Thus, the lumi-
tor =" orbitals (ligand). The absorption maximum of MLCT  nescence quenching dRuL,X3_n by phenolate ion may be
transition is red shifted by 15nm when bpy is replaced by explained byScheme 1
dcbpy. The introduction of —C£M group in bpy lowersr” After establishing electron transfer nature of the reaction,
level of the ligand and thus, shifts the LC and MLCT tran- we have calculated the rate constants of the ET reaction us-
sition to the red. However, in the emission, though a red ing semiclassical theory of Ef#7-50] The semiclassical

K Kat . .
RuLXon , A === [ RuL Xy - ATO" | : [ RuL X~ ArO |
-d —ot
hv Lﬂt / ¢
RULXsn 4+ A0 <— [RuXaq—-AO ]  [RULXs, + ArO

Scheme 1. Mechanism for the luminescence quenching of §Rell, with ArO~.
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Ligands

HOOC, COCH

—N N —N N
bpy dcbpy
Quenchers
OH OH OH

X
X =H, Cl, Br, CH3, OMe, t-Bu

Fig. 2. Structures of the ligands and the quenchers.

Table 1
Absorption and emission spectral data, excited state lifetime and redox potentials of Ru(ll) complexes in aqueous medium at pH 12.5 at 298 K
Complex Absorption maximum, nnaday, 100 M~1cm1) Emission maximum Excited state lifetime Redox potential
nme ns -
(nn) 7 (ns) B2V E0rl2*™) V
[Ru(bpy)k]?* 285 (6.40), 345 (0.68), 423 (1.20), 450 (1.32) 595 (600) 580 (620) —1.28 0.82
[Ru(bpyk(dcbpy)P 287 (3.52), 300 (3.92), 345(0.76), 438 (1.12), 459 (1.28) 625 (625) 520 (471) —1.17 0.93
[Ru(bpy)(dcbpy}]?~ 288 (4.0), 300 (4.80), 343 (0.80), 438 (1.10), 465 (1.12) 617 (613) 620 (664) -1.15 0.95
[Ru(dcbpy)]*~ 300 (2.80), 353 (0.72), 438 (0.80), 467 (0.96) 618 (610) 685 (700) —-1.10 1.00

2 The value in the parenthesis represent the reported emission maxima and lifetimes of Ru(ll) complexes in water at pl29]7, ref.

expression of ET (Eq1)) popularized by Closs and Miller  brationalir; contributions withs= Aj/hv, v is the high-energy

[51] has been applied to the reaction of photoinduced ET be- vibrational frequency associated with the acceptor rans

tween the triplet excited state Ru(ll) complexes and phenolatethe density of product vibrational levels. As all the reactions

ions. in the present study fall in the normal regiorAG° < 1) the
above equation is simplified to E(R)

o0
ket(r) = 2/ h[1/hokg T1Y/?|Hpal?* Y _ e™*s™ /m! exp

2
27 1 —(0+ AGY)
=0 k = " [1/roksT1Y?|Hpal? exp| —————2 | (2
;" et(r) = —-[1/20ksT]"*| Hpa|” €xp DrokaT 2)
y (ho + AG® + mhv) )
Aok T The total driving force AGY, includes electrostatic cor-

rections for the work required to bring products and reac-
In Eq. (1) Hpa is the electronic coupling matrix element, the tants together 4G°= AG? —Wp—Ww;) as described below.
reorganisation energyis composed of solvationap and vi- When both ET partners are charged, as is the case here,
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Table 2
Rate constankg, values for the reductive quenching of *RyX3_ by phenolate ions in aqueous medium at pH 12.5 at 298 K

Quencher g, M71s71

[Ru(bpy)]** [Ru(bpy)(dcbpy)P [Ru(bpy)(dcbpy)]*~ [Ru(dcbpy}]*~

A B A B A B A B
Phenolate ion I x10® 14x10° 28x10° 6.2x10 12x10° 1.3x10°
4-Chloro phenolate ion 2x100  14x100  42x10° 12x1C° 98x10°  1.6x10° 61x10° 6.0x10C°
4-Bromo phenolate ion 2x100  20x10° 55x10° 1.6x 108 99x108  22x10° 22x10F  7.8x10°
4-Methyl phenolate ion Ix108 17x10° 98x10° 17x10°  13x10° 13x10° 32x10°
4-tert-Butyl phenolate ion Dx10° 3.0x1C® 1.4 x 10° 15x 10° 88x10° 89x10° 89x10° 41x10°
4-Methoxy phenolate ion 3x10° 13x10° 22x10° 37x1C° 15x10°  42x10° 12x10° 19x10°
2,6-Dimethyl phenolate ion Bx10° 35x10° 21x10° 1.8x 10° 32x10° 49x10° 22x10°  41x10°
2,6-Diisopropyl phenolate ion Bx10° 64x10°  23x10° 46x10° 23x10° 84x10° 13x10° 12x10°

@ A represents the experimental and B the calculitedhlues by the semiclassical method.

the intermolecular potential is dominated by the electrostatic By using Eq.(2) the rate constants for electron transfer,
forces between reactants. For two spheres, the intermoleculaket, have been calculated and then used tdkgealues from
potentialU(r) between two reactants can be described within Eq. (6).

Debye—Huckel formalism as
y  ketkd

= 6
ve) 717962 ) 7 ket + kg ©
V) —m@mmmm
Dgr(1+ prut/?) wherekg is the diffusion rate constant given by Eg)
whereZ; andZ, are the charges on each reactanis the 47NDT [ -1
charge on the electrof is the static dielectric constant of kg = 1000 [ / v/ "BT]r‘Zdr] (7)
the solvent ang is the ionic strength. The value giis given r
by whereD is the sum of the diffusion coefficients of the reac-
12 tants given by the Stokes—Einstien relationship.
_ [ 8rNe? ] @) The calculated rate constants for ET from phenolates
1000Dskg T to *RuL,X3_n by applying semiclassical expression of ET

along with experimentally observed values for the above ET
reaction are given ifable 2 Theky data inTable 2show
that the values calculated from semiclassical theory are in
20 = (Ae)[1/2ra + 1/2rg — 1/7][1/Dop — 1/D4] (5) fair agreement with experimental values (i.e., the difference
between them is in the range 2—10 times). Considering the
whereDop and Dg are the optical and static dielectric con- assumptions involved in the application of Kf) to the ti-
stants of the solvent, respectively, apdandrg are thereac-  tled reaction this agreement can be taken as the success of the
tants’ radii. The values of solvent parameters and radii of the Marcus theory to this reaction. The experimerigabalues
reactants have been collected from the literafde-28,52] have been plotted againsGP (Fig. 3) for all the four Ru(ll)
The value o g calculated using E¢5) is 0.87 eV. Thevalue ~ complexes. The rate increases with the introduction of dcbpy
of Aj is found to be 0.2 eV and is employed in the calculation unit in the metal complex but the rate decreases when we
of the rate constant for ET reaction. Thus, the value of the introduce the third dcbpy ligand, i.e., in the case of RtX
reorganization energy\f for this redox system is found to complex. These results are interesting because with the in-

The solvation reorganization energy, can be estimated
from the classical dielectric continuum model

be 1.07eV. troduction of dcbpy unit in the metal complex the reaction
Table 3
—AG? values (eV) for the quenching dRuL,X3_, with phenolate ions in aqueous medium at pH 12.5 at 298 K
Quencher E%oxd, vS. NHE (V) AGP (eV)

[Ru(bpy)]®* [Ru(bpy)(dcbpy)P [Ru(bpy)(dcbpy)]? [Ru(dcbpy)]*~
Phenolate ion @6 004 —0.07 —0.09 -0.14
4-Chloro phenolate ion .85 003 —0.08 -0.10 -0.15
4-Bromo Phenolate ion .84 002 —0.09 -0.11 -0.16
4-Methyl phenolate ion a1 -0.11 —0.22 —-0.24 -0.29
4-tert-Butyl phenolate ion o -0.12 —-0.23 -0.25 —0.30
4-Methoxy phenolate ion .68 -0.24 -0.35 -0.37 -0.42
2,6-Dimethyl phenolate ion .B0 -0.32 —-0.43 —0.45 —0.50

2,6-Diisopropyl phenolate ion 06 —0.36 —0.47 —0.55 —0.54




88 K. Swarnalatha et al. / Journal of Photochemistry
10.5
10.0
n
9.5 4 [u] L [ ]
O 5@ g .
'En [x} v D..\-\\\
J ¥ LNy
s 9.0 o v v o LN
-
i~ ¥ \
3 LI
- 8.5 -
L]
8.0 o [ ]
7.5 —— \
-7 06 05 04 -03 -02 -01 0.0 0.1
AAG®,eV

Fig. 3. Plot of logkq vs. —AG?, eV of RulyX3_, with phenolate ions.

() [Ru(bpy)]®*, (@) [Ru(bpy)(dcbpy)P, (O) [Ru(bpy)(dcbpy)]?~, (¥)
[Ru(dcbpy}]*-.

becomes more exergonic, i.AG° becomes more negative.
ThoughAG? is favourable the introduction of —GO in the
bpy ligand makes the metal complex more bulky and nega-

and Photobiology A: Chemistry 171 (2005) 83—90

also. The termHp, is distance dependent and distance de-
pendence oHpa can be explained by E@3),

| Hpa|? = | Hpalo? expl—B(d — do)] (8

where|Hpa|o? is the value of the matrix element when the
reaction is adiabatic at van der Waals distarteg &ndg is

the attenuation factor and its value is taken asAt:8. The
value of|Hpa| is taken as 200 cm whendp is equivalent to

3Aanditdecreases with distance by the factbri [47,54]

In order to realize the role of steric effect on this re-
action we wanted to utilize 2,6-dért-butylphenolate ion
also as the quencher. But the solubility of this phenolate
ion in aqueous medium is poor. Hence, we have changed
the medium to 50%(v/v) aqueous acetonitrile and khe
data obtained for phenolate, 2,6-dimethyl phenolate, 2,6-
diisopropyl phenolate and 2,6-th+t-butylphenolate ions
have been collected imable 4 It is interesting to see that
though AGP value is favourable with the introduction of
—CQOH group in the 2,2bipyridine ligand of RulaX3_p,
the kg value decreases when we substitute/-Bjgyridine
with 2,2-bipyridine-4,4-dicarboxylic acid. The minimum
and maximumd values in the present study are 10.9 and
14.2A, respectively. The value of is calculated by sim-

tively charged species. Thus, these results deserve detaileghly adding the radii of RugXs_, and ArO™ .If these val-

analysis (vide infra). Interestingly the rate also decreases,

ues are substituted in E¢B), the value ofHpa becomes

when the size of the phenolate ion increases. Phenolate ion®©.86 and 0.16 cmt, respectively. Thus, the decreasedn

containing alkyl groups in the ortho-position play an impor-
tant role in the antioxidant activity of phendi3]. The oxi-
dation potentials of the penolates containing the alkyl groups
in theortho- position are very low, i.e AG® becomes more
negative. Thus, the change in the structure of the ligand of the
metal complex and quencher affects the rate of quenching in
a complicated way. The important parameters that influence
the rate of ET reactions other than exergonicigGP) are

the reorganization energy)and the distancelj. The intro-
duction of bulky groups in the reactants affects the rate of ET

by 3.3A unit leads to decrease ka: by a factor of five. At
this stage it is interesting to compare thgdata observed
here with the values obtained by us in the previous study
for Ru(bpyk2*, Ru(dmbpy}?* and Ru(dtbpyy®* where
dmbpy =4,4-dimethyl-2,2-bipyridine and dtbpy =4/4di-
tert-butyl-2,2-bipyridine. The k; data obtained for the
quenching of Ru(bpyf*, Ru(dmbpy}?*and Ru(dtbpyy?*
with 2,6-ditert-butylphenolate ion in 80% C{CN-20%
HoOare 7.3x 10°,5.6x 10°and 2.3x 1B M~1s1, respec-
tively. Though Ru(bpyy?* and Ru(dtbpyy?* have compara-

through the increase in the ET distance. From the data givenp|e A GO values for the reaction with the quencherlhealue

in Fig. 3, we realize that thk, values observed for complexes
containing dcbpy ligands at a fixesiGP value are in the fol-
lowing order RuX*~ < RuLX»?~ <Rul,X®<RulLs?*. The

low kq values for [Ru(bpy)(dcbpy]?~ and [Ru(dcbpy]*~
complexes, though the reaction is more exergonic, may be

for Ru(dtbpy}?* is 30 times less than that for Ru(bp¥.

Here again the similar results are observed when we compare
thekq values of Ru(bpyy?* and [Ru(dcbpyy]*~ towards 2,6-
di-tert-butylphenolate ion. Butthe important point to be noted
here is that the reaction with *[Ru(dcbpyj~ is more exer-

attributed to the steric and charge effects which arise due togonic by 0.2 eV compared to that of *[Ru(bgg}]. Thus,

the introduction of the carboxyl groups in the ligand of the
metal complex.

3.4. Steric effects

The quenching rate constant data givelable 2show
that photoinduced electron transfer reaction of Ru(ll) com-
plexes with sterically hindered phenolate ions and of phe-
nolate ions with Ru(ll) complexes carrying carboxylic acid
groups may be non-adiabatic. According to semiclassical the-
ory of electron transfer (Eq2)) the rate of electron transfer
is controlled by the electronic coupling matrix elemeihta

more steric effect is felt in this study compared to our previ-
ous reporf28]. But we must note that there is a substantial
change in the charge on the sensitizer when we replace bpy
with dcbpy but not with dtbpy. Thus, a part of the rate retar-
dation observed with [Ru(dcbp]f~ must be attributed to

the charge effect.

3.5. Charge effect
The importance of charge effect on ET reactions has been

highlighted in recent publicatiori80,43,44] As all the re-
actions in the present study have been carried out at pH 12.5,
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Table 4
Rate constankg, values for the reductive quenching of *RiXz_ by phenolate ions in 50% aqueous acetonitrile medium at pH 12.5 at 298 K

Quencher g MLs7h

[Ru(bpy)x]?* [Ru(bpy)x(dcbpy)P [Ru(bpy)(dcbpy)]?~ [Ru(dcbpy}]*~

A B A B A B A B
Phenolate ion Bx10° 3.3x10° 9.4x 10° 8.8x 10° 8.0 x 10° 5.3x 10° 8.8 x 10° 1.6x10°
2,6-Dimethyl phenolate ion Bx1010 71x10° 31x10° 7.6x10° 11x10°  82x10° 6.6x10° 80x10°
2,6-Diisopropyl phenolate ion 8x10° 84x10° 84x10° 87x10° 16x10° 89x10° 57x10° 87x10°
2,6-Di-tert-butyl phenolate ion Ix10°  93x10° 93x10° 92x10° 45x10°  9.3x10° 13x10° 16x10°

@ A represents the experimental and c refers to the calcldatalue by the semiclassical method.

all guenchers exist as phenolate ions, i.e., they carry one negto the tune of the six-fold. It is important to mention that this
ative charge. On the other hand, when we change the naturesix-fold retardation is observed even though the reaction of
of the ligand in RulyX3_p, the charge on the metal complex *Ru(dcbpy)*~ with ArO~ is more exergonic by 0.2 eV. This
varies from +2 to—4 and the total charge on each complex is an interesting and important observation as phenols are im-
is shown inTables 1-4From the analysis of steric effect we portant components in natural system. As phenols undergo

have seen that the change of ET distance bA3&lucesthe ~ €lectron transfer reactions in photosystem Il these electro-
rate of ET by five times. The actual rate retardation with the Static effects should be taken into account when model sys-
change of sensitizer is about 30 times and a part of rate re-tems are designed for photosystem I1.

tardation is attributed to the steric effect through the increase  In summary the present study clearly establishes the sig-
in ET distance. The other major factor, which is responsi- hificant role of steric and charge effects on the photoinduced
ble for rate retardation with the change of sensitizer, is the electron transfer reactions between Ru(ll) complexes of dif-

change of charge on the metal ion. Itis to be noted that whenferent charges with phenolate ions. Combination of this with

*Ru(bpy)s?* is the sensitizer the reactants involved bear op- OUr previous study confirms the operation of several param-
posite charges which may facilitate the formation of precur- €ters like steric, charge, hydrophobic ametr interactions

sor complex due to Columbic attractif80—32] On the other on the ET reactions of biologically important phenolate ions

hand, when *[Ru(bpy)(dcbpy)?>~ and *[Ru(dcbpy}]*~ are with the excited state Ru(ll) complexes.

the sensitizers, the reaction with ArGnvolves between two

ions of like charges which may disfavour the formation of

precursor complex due to the electrostatic repulsion. Thus, Acknowledgements
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compare thekq values observed here for Ru(bp$) and
Ru(dcbpy}*~ towards ArO™ with those observed for these
complexes towards M& [52]. When MV2*is the quencher
the kq values observed for Ru(bpf(AG%=-0.46eV)
and Ru(dcbpy*~ (AG°=-0.08eV) are 0.74 10° and
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