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Photoexcited >'<[Ru(bpy)3]2" is oxidatively quenched by methylviologen (MV?*) and 1,1'-bis(2-carboxyethyl)-4,4'-
bipyridinium (BCEBP**) with a similar rate constant at pH 2.2; k3™ = 1.48x10° and 1.58x10° mol~' dm’s™" (30 °C)
for MV?* and BCEBP?, respectively. However, * [Ru(bpy)3]** is much more slowly quenched by MV?* than by BCEBP?
at pH 5.0, where the superscript “0” represents that BCEBP is neutral; kg"s = 1.01x10° and 1.74x10° mol~! dm? s~ for
MV?* and BCEBP®, respectively. The reverse electron-transfer reaction between [Ru(bpy)3]3+ and one-electron-reduced
-BCEBP* (¥ =3.33%10° mol~'dm?s™") proceeds slightly more rapidly than the reaction between [Ru(bpy)3]3+ and
MV* (kS = 2.80%10° mol ™' dm® s 1) at pH 2.2 (30 °C), while the former reaction (k% = 5.85x 10° mol~' dm®s™!)
proceeds 2-times as rapidly as the latter reaction (k& = 2.74x10° mol~' dm>s™") at pH 5.0. These differences at pH 5.0
between MV** and BCEBP® are interpreted in terms of charge effects on the diffusion and diffusional dissociation of an
exciplex and an encounter complex. The electron-transfer reactions in the exciplex and the encounter complex have been
analyzed according to Marcus theory. The difference in an electronic coupling matrix element (Hy) between MV?* and
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BCEBP* * ? is discussed in terms of the charge effects and steric effects.

Tris(2,2'-bipyridine)ruthenium(Il), [Ru(bpy);1**, has been
actively investigated so far, because protons in water can be
successfully photoreduced to hydrogen gas with this com-
plex, as is well-known.' This photocatalytic reaction con-
sists of many elementary steps: Namely, the photoexci-
tation of [Ru(bpy);]** yields the metal-to-ligand charge-
transfer triplet excited state (CMLCT) of [Ru(bpy)g]2+ (the
3SMLCT excited state of [Ru(bpy)s]** is represented with
*[Ru(bpy)s]?*, hereafter), the deactivation of *[Ru(bpy)31**;
the formation of an encounter complex, charge separation,
and back electron transfer."® Detailed knowledge of their
reaction rates is of crucial importance for a good understand-
ing of the photoinduced electron-transfer reaction of [Ru-

(bpy)s;]** and finding an efficient photoenergy conversion _

system with [Ru(bpy)s]**.

In order to effectively perform the photoreduction of
MV?*, several interesting attempts have been reported.”—**
In those attempts, polyelectrolytes,”® micelles,> '
bilayers,'” and charged colloids'® were employed to sup-
press back electron transfer and/or to accelerate the charge
separation by a coulombic repulsion between one electron
reduced viologen and the charged aggregate including the
ruthenium(Ill) bipyridine complex. Although such a coulom-
bic repulsion would suppress the oxidative quenching of a
photoexcited ruthenium(II) bipyridine complex by viologen,
the photoreduction of viologen was certainly accelerated in
those attempts. This results suggests that the suppression
of back electron transfer and/or the acceleration of charge
separation occurs to a greater extent than does the suppres-
sion of oxidative quenching. However, the details are still

ambiguous. In this regard, it is worth clarifying how ele-
mentary steps, such as encounter complex formation, charge
separation, and back electron transfer are influenced by the
columbic interaction.

Coulombic effects have been investigated in photoin-

- duced electron-transfer reactions between phenotiazines

and viologens' and between zinc porphyrin and methyl-
viologen.!”” In the above-mentioned elementary processes
of the photoinduced electron-transfer reaction between [Ru-
(bpy)s]** and viologens, however, coulombic effects were
notinvestigated in detail, to our knowledge, whereas quench-
ing and reverse electron-transfer reactions between [Ru-
(bpy)s]** and viologen have been investigated in detail in
several studies.'®!”

In the present work, photoinduced electron-transfer reac-
tions of [Ru(bpy);1** with methylviologen (MV?*) and 1,1’-
bis(2-carboxyethyl)-4,4’-bipyridinium (BCEBP?*) were in-
vestigated at pH 2.2'® and 5.0. Although BCEBP® is 2+
positively charged at pH 2.2, it is neutral at pH 5.0, since
its pK, is about 3.7, as described below. On the other hand,
MV?2* has 2+ charges at both pH regions. We can thus expect
to shed clear light on the charge effects by comparing the elec-
tron-transfer reactions between MV?* and BCEBP?* at pH
2.2 and 5.0. We mainly performed here: (1) a measurement
of the reaction rate constants of the quenching and reverse
electron-transfer reactions, (2) estimated the reorganization
energy (4) and the electronic coupling matrix element (H)
based on Marcus theory,®?) and (3) investigated the charge
effects in the quenching and reverse electron-transfer reac-
tions and Hyp. The main purpose of this work was to clearly
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elucidate the origin of charge effects in photoinduced elec-
tron-transfer reaction between [Ru(bpy)s;]** and viologen
derivatives.

Experimental

[Ru(bpy)3]1Cl, was synthesized according to the literature®” and

its purity was ascertained by elemental analysis. Found: C, 49.31;
H, 4.46; N, 11.51%. Calcd for C3pH24NsCLRu-5H,0: C, 49.32;
H, 4.69; N, 11.50%. Differential thermal analysis clearly indicated
that five water molecules were involved in the crystal.
1,1’-bis(2-carboxyethyl)-4,4'-bipyridinium dichloride,

[BCEBPICI, was synthesized from 4,4"-bipyridine and acrylic acid
in dry chloroform® and its purity was ascertained by elemen-
tal analysis. Found: C, 50.82; H, 4.94; N, 7.41%. Calcd for
Ci6H1sN204Clo: C, 51.48; H, 4.86; N, 7.50%. Commercially
available methylviologen (Nakalai Tesque Co., Ltd. guaranteed
reagent grade) was used without further purification.

The absorption spectra were measured with a spectrophotome-
ter (Hitachi 150-20). The lifetime of *[Ru(bpy);]** was measured
with a time-resolved fluorometer (Horiba NAES-550) in which the
decay of *[Ru(bpy)3]2+ was monitored at the emission maximum.
The solution employed for the lifetime measurement was prepared
by adding [Ru(bpy)sICl, (1.0 or 0.5x 107> moldm™>) and violo-
gen (0.0—1.5x107" mol dm™>) to a buffer solution (HCI/KCI for
pH 2.2'¥ and HOAc/NaOAc for pH 5.0), followed by deaeration
through 5 cycles of freeze-pump-thaw, where the ionic strength was
adjusted to 0.1 mol dm ™ with KCL.

One-electron-reduced viologen was produced when a solution in-
volving [Ru(bpy)sJ** and viologen was irradiated with 355 nm light
from a pulsed Nd : YAG laser (Continuum NY-60). The absorption
maximum of one-electron-reduced viologen (605 nm for MV?** and
600 nm for BCEBP**) was monitored with a 150 W Xe-lamp,
a monochrometer (JOBIN YVON H-20UV), a photomultiplier
(Hamamatsu R955), and a digital oscilloscope (Philips PM3350A).
The solution used for this reaction was prepared in the same way as
described above, while concentrations of [Ru(bpy);]Cl, and violo-
gen were different from the above; [Ru(bpy);** = 1.0—8.0x10™*
moldm ™ and [viologen] = 1.0—4.0x 102 mol dm—3. Measure-
ments were repeated 30—100 times for 3 to 5 solutions prepared
independently.

The molar extinction coefficient (£) of one-electron-reduced vio-
logen was measured by monitoring the absorption maxima of violo-
gen and its one-electron-reduced viologen radical, where iron pow-
der was used to produce a one-electron-reduced viologen radical.
The solution used for this measurement was deaerated by passing
N; gas for 10 min. The determined & is 11000 cm™" mol~! dm?
(Amax = 605 nm) for -MV* and 13500 cm ™! mol ™! dm® (Amax = 600
nm) for -BCEBP™ at pH 5.0.

pK. of BCEBP** was spectroscopically determined to be 3.7,
where the shift of Amax was plotted against pH. From this result,
BCEBP is considered to be neutral at pH 5.0.

Results and Discussion

Quenching of *MLCT-Excited *[Ru(bpy);]**.  The
quenching reaction of *[Ru(bpy)s]** was carried out at both
pH 2.2 and 5.0'® with MV?* and BCEBP,'® where the ex-
cited-state lifetime (7) was measured as a function of the
concentration of MV?** and BCEBP?* As shown in Fig. 1, a
plot of /7 vs. the quencher concentration yields a good lin-
ear relation, as expected from the Stern—Volmer relationship,
where 7 represents the lifetime and subscript “0” represents

Electron Transfer Reactions of [Ru(bpy)s P
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Fig. 1. m/t of [Ru(bpy)s]** vs. concentration of methyl-
viologen (MV?*) or 1,1’-bis(2-carboxyethyl)-4,4'-bipyri-
dinium (BCEBP). (A) HCVKCI buffer at pH 2.2 (4 = 0.1),
(B) HOAc/NaOAc buffer at pH 5.0 (¢ = 0.1).

the absence of a quencher.

At pH 2.2, the Stern—Volmer relation for MV?* coincides
well with that for BCEBP?* (Fig. 1A), and the quenching
rate constant (kg**) of MV?* is almost the same as that of
BCEBP?* (Table 1). On the other hand, the Stern—Volmer
relation is very different between MV?* and BCEBP? at pH
5.0 (Fig. 1B), and k3™ of MV2* is much smaller than that of
BCEBP®.

Although MV?* is positively charged at both pH 2.2 and
5.0, BCEBP is neutral at pH 5.0, since pK, of BCEBP is
3.7. Thus, the kgbs difference observed at pH 5.0 between
MV2* and BCEBP® can be attributed to the charge difference
between MV2* and BCEBP?, as is discussed below in detail.
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Table 1. Quenching Reaction Rate Constant k3™ of Excited
State of [Ru(bpy)s]*" with Methylviologen (MV?*) and
1,1’-Bis(2-carboxyethyl)-4,4’ -bipyridinium (BCEBP**)

at pH 2.2 and 5.0°
107° k& /mol ™' dm’ s~
pH22 5.0
MV 1.48+0.04 1.01+0.02
BCEBP 1.5840.02 1.75+0.03
a) at30°C.

All of the k"bs values are in the range 1.0—1.8x10°
moldm=3s™! Slnce these k™ values are near to the diffu-
sion rate constant, we must correct kgbs by taking into consid-
eration the diffusion rate constant. If the overall quenching
process is separated into diffusional steps and an electron-
transfer step, as shown in Eq. 1, the observed quenching rate
constant (kgbs) is given by Eq. 2 through an approximation

B
*[Ru(bpy)s]™ + Vosis = ["Ru(bpy)3" - Vosi]
k*dif
kcor
~ [Ru(opy)s” -+ Veeal (1)

of the steady-state concentration of the exciplex [*Ru-
(bpy)%*- . -Voxid],‘ where k 4 and kKL 4¢ are the diffusion rate
constant for the exciplex formation and the diffusional dis-
sociation rate constant of the exciplex, respectively.

obs _ kgif kgor
. kL e + k5 @
According to Debye—Smoluchowski, the diffusion rate con-
stant (kgf) of a charged particle was estimated using Eq. 3a.29
The diffusional dissociation rate constant (k_g;¢) was given
by Eq. 3b, considering Eigen’s treatment of the diffusional
dissociation of the encounter complex.”” Although sev-
eral different expressions were reported for w(r,u),”%*® we
adopted here Eq. 3c, according to Chiorboli et al.,?® since
they applied this equation to estimating the diffusion rate con-
stant in the oxidative quenching of *[Ru(bpy);]>* by MV?*;

kdif= ZkBTN (2+ ra

— 4 _@) 1 (3a)
30007 s ra) af7 r=2explo(r,u)/ksT1dr’

ksT 1 (l+l) explo(r,1)/ksT]
2y a? ra) a [° r=2explw(r, u)/ksT]dr

_ ZnZp [ exp(Boa/1h) . exp(Bos /1)
2Dr \ 1+poay/p  1+Bos /1

, (3b)

k_git =

w(r,p) = ) exp(=fry/n),

(3¢)
B = {87Ne*/(1000Dks T)}'/2, (3d)

where A and B represent *[Ru(bpy):]** and viologen, re-
spectively, « is the sum of r5 (diameter of [Ru(bpy)3]2+) and
rg (diameter of quencher), g, is the sum of the diameters of
[Ru(bpy)3]?* and a dominant counter ion, and 4 is the ionic
strength. To estimate kgir and k_gr using Eq. 3, we need
values of ra, rg, 77 (biscosity of solvent), and D (dielectric
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ra and rg were estimated using the
29)

constant of solvent).
following approximation in the usual way;

r = (dedyd;)"?,

where d,, dy, and d, are the diameters of the molecule along
the x, y, and z axes, respectively, which were evaluated by
the MM2 calculation.>® The ra value was estimated to be
7.1 A3D and the rg value was 3.6 A for MV?*, 4.56 A for
BCEBP?* (at pH 2.2), and 4.44 A for BCEBP? (at pH 5.0).
The molecular size of BCEBP depends on the pH, since
BCEBP takes a zwitter ion form at pH 5.0 (vide infra), but a
dication form at pH 2.2. The values of 7 and D were taken
from Refs. 29 and 32 (see Ref. 33 for their values).

Several approximations for a kg estimation have been
reported. For instance, kgis is approximately represented
by considering the Brgnsted—Bjerrum ionic strength depen-
dence, as follows:?”

w(a,0) Pa. /i

kBT + 1+ﬂa\//7) ) (43)
UaTN [ ra 1B w(a,0)/ksT
30009 (2+ P _> explo@,0)/ksT —1°

In this case, k_g;r 1S given by Eq. 4c through the well-known
Fuoss equation (Eq. 4d), which represents the stability of an
ion-pair adduct:*¥

kair = kair (1 = 0) exp (

(4b)

kait (u=0)=

kT 11 1Y o@0)/kT
kair = 2y o (rA * rB) 1 —expl—w(a,0)/ksT]’ (4e)
_ kdif _4J'IZN0{3
= - 3000 o0l w(a,p)/ksT), (4d)
(a,0) = (ZaZse’ /DQ). (4e)

Also, the empirical Eq. 5a was proposed for k4i¢, where k_ gi¢
is given by Eq. 5b through Eq. 4d:

w(a,p)/ksT

2ks TN ( ra rB)
it = 2+ —+—
= 30007\ 7 explo(a, kel =10 Y
T 111 w(a, 1) /ksT
kst = @ <rA * m) —epl—atafeli O

In our work, we numerically integrated Eq. 3a over the range
of r = (ra+7g) to 10000 A, instead of using Eqs. 4 and 5.
However, the kgr and k_gi¢ values estimated using Egs. 4
and 5 are also given in Table 2, to compare Eq. 3 with Egs.
4 and 5. Although k¢ of BCEBP is almost the same in all of
these equations, kg of MV?% and BCEBP?* increase in the
order Eq. 3<Eq. 4<Eq. 5, as shown in Table 2. Thus, we
adopted Eq. 3 here.

Since the diffusion rate constant (6.6—6.7x10°
mol~! dm? s~!; see Table 2) is much larger than the deacti-
vation rate constant of *[Ru(bpy)31?* (kgeact = 1.86x10% 571
at 30 °C), *[Ru(bpy)s]?* can collide and form an adduct with
viologen before deactivation. This means that the quenching
reaction proceeds through an exciplex formation, as shown
in Eq. 1.

Using these kg and k? ;; values, the rate constant (ki)
of electron transfer in the exciplex was estimated according
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Table 2.

Electron Transfer Reactions of [Ru(bpy)s 7

Diffusion Rate Constant (kg), Diffusional Dissociation Rate Constant (kZ%;), and

Quenching Rate Constants (k;™) with the Correction of Diffusion Rate?

107° k&e/mol ™! dm® s~ 1077 k% s ™! 107° ks ™!
pH22 pH5.0 pH22 pHS50 pH22 pHS5.0

Eq.3

MV 6.59 6.51 6.15 6.26 1.78+0.06 1.154+0.03

BCEBP 6.64 8.91 4.09 2.30 1.28£0.02  0.556+0.011
Eq. 4

MV 5.25 5.16 491 4.97 1.924-0.07 1.214+0.03

BCEBP 542 8.86 3.34 2.28 1.374+0.03 0.557+0.011
Eq.5

MV 7.62 7.62 8.68 8.68 2.09+0.07 1.33+0.03

BCEBP 7.81 8.86 5.92 2.28 1.50+£0.03  0.557+0.011

a) 30°C.

to Eq. 2. Interestingly, kg™ of MV?* is larger than that of
BCEBP at both pH 2.2 and 5.0, independent of the viologen’s
charge. Since the redox potential of MV?* is more negative
than that of BCEBP?* at both pHs,?® the redox potential is
not responsible for the larger kg™ of MV?*. Thus, we need
to investigate the electron transfer in the exciplex, based on
Marcus theory.?*2b

Analysis of Electron-Transfer Reaction in the Exciplex
by Marcus Theory. According to Marcus theory,2**)
the rate constant of the electron-transfer reaction is given by
Eq. 6:

(6)

2 Hy [ (AG°+AY
" A (4mksTA)/? A0 ksT |’

where Hy;, is the electronic coupling matrix element, A is the
reorganization energy, and AG® is the Gibbs energy change.
From this equation, the following Eq. 7 is easily obtained:

oy
R (4mkgA)1/2

(AG® +A)?
AN ks T

In(T"? k) =1n M
This Eq. 7 indicates that a linear relationship must exist
between In (T'/2 k) and 1/T.3” Actually, the linear relation
is experimentally obtained between In (T%/2 kg™) and 1T,
as shown in Fig. 2. From its intercept and slope, one can
estimate Hy, and A, using the experimentally measured AG®
value: AG® is —0.19 eV at pH 2.2 and —0.18 eV at pH 5.0
when the quencher is MV?*, and —0.28 eV at pH 2.2 and
—0.19 eV at pH 5.0 when the quencher is BCEBP, where
the redox potential of *[Ru(bpy);]** was taken to be —0.84
eV.’® These experimentally estimated 4 and Hyy, are listed in
Table 3.

The most important result to be noted is that H, of BCEBP
is similar to that of MV?* at pH 2.2, but much smaller than
that of MV?* at pH 5.0. This is a main reason that k"
of BCEBP is similar to that of MV?* at pH 2.2, but much
smaller than that of MV2* at pH 5.0, since the other term,
(1/A)2exp {—(AG°® + A)?/(44kpT)}, of BCEBP** 0 is
similar to that of MV?* at pH 2.2, but much larger than
that of MV?* at pH 5.0. The H,, difference at pH 5.0 be-
tween MV2* and BCEBP is easily interpreted in terms of the

245

24.0

In(T"2kg")
S
(4]

23.0 -

225 L 1 1 i
3.2 33 34

10%T/K?

Fig. 2. In (T? kg™) vs. 1/T, where kg™ is the electron-transfer
rate constant in the exciplex after the correction of diffusion
rate. () MV?* at pH 2.2, (b) BCEBP** at pH 2.2, (c) MV**
at pH 5.0, (d) BCEBP® at pH 5.0.

structure of BCEBP. Since pK, of BCEBP is 3.7, BCEBP**
has 2+ positive charges at pH 2.2, like MV?*; therefore, the
geometry of BCEBP?* is considered to be similar to that of
MV?, except for the -CH,CH,COOH groups of BCEBP?*,
as shown in Fig. 3. Here, we should remember that the
4,4 -bipyridinium moiety must approach the bpy ligand to
cause an electron transfer from *[Ru(bpy);]** to viologen.
Since the 4,4'-bipyridinium moiety of BCEBP?* is similar
to MV?* at pH 2.2, BCEBP?* can approach bpy to a similar
extent to MV?*, which leads to a similar H,, value in MV?*
and BCEBP?* at this pH.>”

However, a completely different situation appears when
the pH changes to pH 5.0 from 2.2. Since deprotonation of
carboxylic acid occurs at pH 3.7, BCEBP becomes neutral
at pH 5.0. Thus, we might expect that neutral BCEBP more
closely approaches [Ru(bpy);]?* than does MV?*, because
of the absence of a coulombic repulsion. This would lead
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Table 3.  Electron Coupling Matrix Element (Hy,) and Reorganization Energy (1), AG®, and
(1/2)%exp [—(AG® +A)? /4 ks TT®

pH22 pHS5.0
MV BCEBP* MV BCEBP®
(a) Quenching reaction )
HyleV : 0.012 0.012 0.027 0.0064
AleV 1.1 1.3 1.3 1.1
AG°/eV —0.19 —0.28 —0.18 —-0.19
(AG°+A)leV 0.91 1.00 1.10 0.91

(1/1)2exp[—(AG® +A4)* /(4 A kg T))feV/? 6.3x107* 3.6x107* 73x107° 6.3x10~*

(b) Reverse electron-transfer reaction

Hy/eV 0.023 0.016 0.018 0.0091
AleV 0.87 0.84 0.89 0.90
AG®/eV —-1.72 —1.64 —-1.72 —-1.70
(AG°+A)leV -0.83 -0.76 —0.81 —0.80

(1/ )2 exp[—(AG® + M) (4 A ks T))/eV'/? 4.8%x107* 14x1073 8.1x107* 1.0x1073

to the larger H,, of BCEBP? than that of MV?*. However,
the Hy, value of BCEBP? is much smaller than that of MV?*
(vide supra), against the above expectation. One plausible
reason for the small Hy, value is a steric repulsion. Since the
deprotonated BCEBP involves positively charged quarterly
ammonium cation moieties and negatively charged carboxyl-
ato groups, BCEBP would take a zwitter ion form, in which
the deprotonated carboxylato group takes a position near
to the bipyridinium plane due to the coulombic attraction
(Fig. 3C). This form would suppress the approach of BCEBP?
to bpy through a steric repulsion by the ~CH,CH,COO™
moieties. As aresult, Hy, of BCEBP? becomes much smaller
than that of MV2* at pH 5.0. From the above discussion, it
should be concluded here that although the steric effect is
a determining factor for Hy,, the charge of viologen little
influences H.,, against the expectation that neutral BCEBP?
more easily approaches *[Ru(bpy);]** in the exciplex than
does MV,

Charge Effects in a Quenching Reaction. = We have
now completed all preparations for discussing the charge
effects in the quenching reaction. At pH 2.2, both MV?*
and BCEBP?* have a 2+ charge; therefore, the diffusion
rate constant (kg,) is similar in MV?* and BCEBP?*. The
diffusional dissociation rate constant (k ;) of the exciplex
of BCEBP?* is slightly smaller than that of MV?*, probably
(C) Deprotonated 1,1"-Bis(2-carboxyethyl)-4,4"-bipyridine because the molecular size of BCEBP?* is slightly larger than
(BCEBP®) that of MV**. Though k™ of BCEBP?* is slightly smaller
than that of MV?*, the smaller k% ;;; of BCEBP?* mostly
compensates for the smaller k¢™. As a result, the quenching
reaction occurs with a similar rate constant in these two
viologens.

At pH 5.0, BCEBP? is neutral, unlike MV2*. As a result,
the diffusion rate constant (k) of BCEBP? is 1.4-times
(D) One-el . o as large as that of MV?2+ and the diffusional dissociation

) One-electron reduced 1,1'-Bis(2-carboxyethyl)4,4“bipyridine  rate constant (kL) of BCEBP is about one-third k% g of

(‘BCEBP) MVZ. Although k5 of BCEBP? is about one-half ¢ of
Fig. 3. CPK models of MV** and BCEBP**% MV?*, the larger k3 and the smaller k2 ;; of BCEBP? lead to
a larger kgbs of BCEBP than that of MV?*. Thus, although

(B) Protonated 1,1 "-Bis(2-carboxyethyl)-4,4"-bipyridine
(BCEBP?)
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kg™ little influences the overall quenching reaction rate, the
diffusion and diffusional dissociation are responsible for the
more rapid quenching of *[Ru(bpy);]?* by BCEBP than that
by MV?+,

In conclusion, there is no need to consider the charge ef-
fects on the electron transfer in the exciplex. This is because
Hy, depends not on the charge of viologen, but on the steric
factor. Thus, the charge effects must be taken into consid-
eration in diffusion and diffusional dissociation; therefore,
charge effects on the quenching reaction might be easily
predicted by an intuitive consideration of the coulombic in-
teraction on diffusion and diffusional dissociation.

Reverse Electron-Transfer Reaction between [Ru-
(bpy)s]** and One-Electron-Reduced Viologen. ~ When
a solution of [Ru(bpy);]** and viologen is irradiated with
pulsed light of 355 nm, a one-electron-reduced viologen
radical (+Vyeq) is transiently produced. -Vi4 rapidly re-
acts with one-electron-oxidized [Ru(bpy);]** to yield [Ru-
(bpy)3J** and viologen, as shown in Fig. 4. This reverse
electron-transfer reaction proceeds through an intermediate
[Ru(bpy)3*---+Vyeq], as shown in Eq. 8.

[Rll(bpy)3]3+ ++Vied — [Rll(bpy)%* ot Vil
— [Ru(bpy)s** + Voxia. ®)

This intermediate is considered to be the same as the en-
counter complex formed through a one-electron-transfer in
the exciplex [*Ru(bpy)3*---Voyia] (see Eq. 1). Thus, an in-
vestigation of the reverse electron-transfer reaction provides
knowledge about how the coulombic interaction influences
the charge separation.

Since the reverse of the absorbance at A of +Vieq is
linearly dependent on the reaction time (Fig. 4), the rate
constant (k%) of this reaction is obtained by multiplying the

eV
slope by the molecular extinction coefficient of the reduced

0.30
0.25

0.20

0.15

Absg®
1/Abs

0.10

0.05 f

1
1] 10 20 30 40 50
Time/ps

Fig. 4. Decay curves of reduced -MV* and -BCEBP™

generated by laser flash photolysis of [Ru(bpy)s]**.?

a) HOAc/NaOAc buffer (pH 5.0, ¢ =0.1) at 30 °C.

b) Absorbance at 605 nm for -MV* and 600 nm for
-BCEBP™.

Electron Transfer Reactions of [Ru(bpy)s ]2+

viologen, where the subscript “rev” represents the reverse
electron-transfer reaction. These k%% values are given in
Table 4. k% of -BCEBP is slightly larger than that of -MV*
at pH 2.2, but much larger than that of -MV™ at pH 5.0, where
-BCEBP without a superscript is a general representation for
protonated -BCEBP* (at pH 2.2) and deprotonated -BCEBP~
(at pH 5.5). The large k%2 of -BCEBP~ at pH 5.0 would be
attributed to charge effects, as follows: one-electron-reduced
-BCEBP™ is negatively charged at pH 5.0, since the carbox-
yl group is deprotonated at this pH. On the other hand,
one-electron-reduced -MV* is still positively charged at pH
5.0. Thus, -BCEBP~ more easily approaches [Ru(bpy)s;]**
at this pH than does :MV™* due to the coulombic attraction.
We examine this difference in more detail below.

Since k%% of 3—6x10° mol~!dm?s~! is similar to the
diffusion rate constant, we need to take into consideration
the diffusion rate constant in our discussion. As done for
kgbs, the reverse electron-transfer is separated into diffu-
sional steps and an electron transfer step in the encounter
complex (see Eq. 9). The diffusional rate constants, kg and

%> were evaluated using Eq. 3 for the reaction between
[Ru(bpy);]** and one-electron-reduced viologen, -MV™* and
-BCEBP. Then, the rate constant (ki) for electron transfer

kit
[Ru(bpy)sT*" + Viea == [Ru(bpy)3” -+ + Vrea]

—dif

kCDl'
=% [Ru(bpy)3™ - Voxial ~ (9)

in the encounter complex was estimated using Eq. 10. These
rate constants are summarized in Table 4.
kobs - d?}, kf:\l;
Ry kR

10

At pH 5.0, kior of -BCEBP~ is about one half kior of -MV*.
However, the diffusion rate constant (k3}) of -BCEBP™ is
1.4-times as large as that of -MV™*, and the diffusional disso-
ciation rate constant (k"%;) of -MV™ is about 4-times as large
as that of -BCEBP~. As aresult, kX% of -BCEBP~ is larger
than that of -MV* at pH 5.0. The large k5{ and the small

™% of -BCEBP™ arise from the coulombic attraction be-
tween the positively charged [Ru(bpy)s;]** and the negatively
charged -BCEBP™.

At pH 2.2, the diffusion rate constant (k3y) of -BCEBP*
is similar to that of -MV*. However, the electron-trans-
fer rate constant (ko) in the encounter complex, [Ru-
(bpy)3*--- -BCEBP*], is slightly smaller than that of [Ru-
(bpy)%"n- -MV*] and the diffusional dissociation rate con-
stant (k%) of [Ru(bpy)3*----MV™] is slightly larger than
that of [Ru(bpy)3*----BCEBP*]. Thus, the slightly larger
ks of -BCEBP* at pH 2.2 is attributed to the smaller K.
of -BCEBP*, while it is mostly compensated by the slightly
larger kioy value. It should be noted that the differences in dif-
fusional rate constants, kg; and K™y, between -BCEBP and
-MV* are much smaller at pH 2.2 than those at pH 5.0. This
is because both one-electron-reduced -MV* and -BCEBP*
are positively charged at pH 2.2.

Analysis of Electron-Transfer Reaction in the En-



T. Hamada et al.

Bull. Chem. Soc. Jpn., 71, No. 10 (1998) 2287

Table 4. Rate Constant for the Reverse Electron-Transfer Reaction (k°5), Diffusion Rate Constant (k5}), Dissociation Rate
Constant (k<;¢) of Encounter Complex, and Reverse Electron-Transfer Rate Constant (k;o,) with the Correction of Diffusion

Rate?
107° k% /mol ™! dm® s ™! 1070 K /mol ~ ' dm3 s~ ! 1077 Ke/s ™! 1070 k& /s™!
22 5.0 22 5.0 22 5.0 2.2 5.0
MV* 2.80+0.14  2.74+0.05 745 7.49 5.34 5.49 3.23+£0.24  3.17+0.10
.BCEBP* "~ 3334022 5.854+0.28  7.39 10.8 3.65 1.38 2.74+£0.36  1.6440.17
a) at30°C.

counter Complex by Marcus Theory. We consider here
kier, based on Marcus theory, in order to clarify how much
the charge of viologen influences k{or. A good linear relation-
ship between In (7'/2 k) and 1/T was obtained, as shown in
Fig. 5. The reorganization energy (4 ) and electronic coupling
matrix element (H‘rf,") were evaluated from the slope and the
intercept,®” where AG® was estimated with redox potentials
of [Ru(bpy)3]2+ and viologens (see Table 4 for AG®). At pH
5.0,itis noted that 73y of -BCEBP™ is much smaller than that
of MV%*. The (1/4)!?exp [—(AG°+4)?/(4AkgT)] term of
‘BCEBP~ is larger than that of -MV*, but Hy;, of :-BCEBP™ is
about one half Hy, of -MV* (Table 3). Thus, the smaller HI’;"

of -BCEBP™ is responsible for the smaller k£ of -BCEBP

eV

than that of -MV*. Although -BCEBP™ is expected to easily
approach [Ru(bpy); ]** because of coulombic attraction, HEY
of :BCEBP™ is much smaller than that of -MV*, unexpect-
edly. Thus, the reason for the very small H‘rg" of -BCEBP™
is worthy of discussion. Again, it is easily interpreted in
terms of the zwitter ion form of -BCEBP~ at pH 5.0, as
follows: Even in the one-electron-reduced -BCEBP™, one
pyridinium moiety is still positively charged, and interacts
with the anionic carboxylato group to take a zwitter-ion form
(see Fig. 3D). This -CH,CH,COO™ moiety suppresses the
approach of -BCEBP~ to the bpy plane of [Ru(bpy)s]**,
because of the steric repulsion. On the other hand, -MV*
can easily approach [Ru(bpy);]**, because of the lack of the

25.2

A

In(T2K3)

IT2K53)

L ! 1 1 1

23.8

33 34

10%7/K?

3.2

Fig. 5. In(T"/? k&

33
10%T /K

) vs. /T, where k7o, is the reverse electron-transfer rate constant in the encounter complex after the correction of

diffusion rate. a) MV** at pH 2.2, (b) BCEBP** at pH 2.2, (¢) MV** at pH 5.0, (d) BCEBP® at pH 5.0.
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—CH,CH,COO™ moieties. Thus, H{;" of -BCEBP™ is much
smaller than that of -MV™.

At pH 2.2, ki of -BCEBP” is slightly smaller than that
of -MV*. Though the (1/1)"/2exp[—(AG°+1)?/(4kgT)]
term of -BCEBP" is larger than that of -MV™ (Table 3), Hy,
of -BCEBP" is about 30% smaller than that of -MV*. Thus,
the small H,, is responsible for the small k5o of -BCEBP*.
However, we must notice that the H" difference between
-BCEBP* and -MV™ is much smaller at pH 2.2 than that at
pH 5.0. This is because -BCEBP* takes a similar geometry
to that of -MV™* at pH 2.2 (remember that -BCEBP* does not
take a zwitter ion form at pH 2.2).

From these results, it is reasonably concluded that: (1)
the electron-transfer rate constant in encounter complexes,
[Ru(bpy)3*--- -MV*] and [Ru(bpy)3*--- -BCEBP], is mainly
determined by Hy,,, and (2) the Hy, value depends little on the
charge of viologen, but depends much on the steric repulsion.

Understanding the Charge Effects on the Overall Pho-
toreduction of Viologen. Here, we try to clarify the
reason why the overall photoreduction of viologen is im-
proved by the acceleration of charge separation and/or the

Electron Transfer Reactions of [Ru(bpy)s 7

suppression of back electron transfer more than the acceler-
ation of quenching. The charge effects clearly appear at pH
5.0, since BCEBP is neutral but MV?* is positively charged.
Therefore, we compare here the quenching and back elec-
tron-transfer reactions between MV?* and BCEBP® at pH
5.0.

Only charge effects on diffusional steps must be examined
here, since the electron-transfer reactions in the exciplex and
the encounter complex are little influenced by the charge of
viologen. In the diffusion step of the quenching reaction,
MV?* suffers from a coulombic repulsion with [Ru(bpy);]**
and its extent is considered to be proportional to (2x2)/r,
as schematically shown in Scheme 1. On the other hand,
BCEBP? does not suffer from a coulombic repulsion. Thus,
MV?* is less favorable than BCEBP?, and the difference
in charge effects would be approximately represented by
c1(4/r), where c; is a proportional coefficient. In the diffu-
sional dissociation step, the difference in the charge effects
would be similar to that of the diffusion step, while the pro-
portional coefficient (c;) would be different from cy; i.e.,
ca(4/r). MV?* is also less favorable than BCEBP® in this

[Quenching Process]
Diffusional Diffisional
association dissociation Total
pH 2.2
2
acfhe, wff et
pH 5.0
4e? 4¢e? 4é?
@ ¢ r C2 r (ertea) r
0 0 0
BCEBP - - 0
r
[Back Electron Transfer]
Diffusional Diffisional Total
association dissociation

pH2.2 v
“or 3é 3¢’ 3é?
r :BCEBP?, G C2— (er+c2) =

pH5.0

‘@r::
(@)
r

2
¢ 3_52 3e? 3¢

cz_

r (c1+c2) r

. A\ a2
ol QT e

Scheme 1.
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term. Thus, the sum of the charge effects is (c1+c2)x (4/r).

In the diffusion step of the back electron-transfer reac-
tion, the charge effect would be proportional to c;(3x1)/r
for -MV* and ¢;{3x(—1)}/r for -BCEBP~. The dif-
fusional dissociation is also proportional to c¢,(3x1)/r for
-MV* and ¢ {3x(—1)}/r for -BCEBP . Thus, the differ-
ence in the charge effect between -MV™ and -BCEBP™ is
c1%(6/r)+c2x(6/r) = (c1+c2)x(6/r). From the above qual-
itative consideration, the charge effects are expected to be
larger in the charge separation than in the quenching.

We can see that the above expectation agrees well with
our experimental results, as follows. In the quenching reac-
tion, the diffusion of BCEBP? occurs more rapidly than that
of MV?* by ca. 2.4x10° mol~! dm?s~! and the diffusional
dissociation of BCEBP takes place less rapidly than that of
MV?* by ca. 4x10° s™!, as shown in Table 2. Thus, the sum
of these charge effects on the quenching is more favorable in
BCEBP® than in MV?* by ca. 6.4x10°. In the reverse elec-
tron-transfer, the diffusion of -BCEBP~ for the encounter
complex formation occurs more rapidly than does that of
-MV* by 3.3x10° mol~! dm?s~! and diffusional dissocia-
tion of [Ru(bpy)3*--- -BCEBP~] less rapidly occurs than that
of [Ru(bpy)3*--- -MV*] by 4x10° s~'. Thus, -BCEBP~ is
less favorable than -MV™ in the charge-separation step by
7.3x10°. This means that the charge-separation step is more
sensitive to charge effects than the quenching step, which is
consistent with the above-described qualitative discussion.
Thus, the suppression of back electron transfer and the ac-
celeration of charge separation are more effective for violo-
gen photoreduction by [Ru(bpy)s]** than the acceleration of
oxidative quenching of *[Ru(bpy);]** by viologen.

Conclusions

A detailed investigation was carried out on the quenching
reaction of *[Ru(bpy);]>* with MV?* and BCEBP and the
reverse electron-transfer reaction of [Ru(bpy)s]** with one-
electron-reduced viologen radical. In this work, we focused
on the charge effects in these electron-transfer reactions. Itis
our intention here to first present a detailed discussion on the
origin of the charge effects of photoinduced electron-transfer
reaction of [Ru(bpy)s]**.

The quenching reaction rate constant (kf;bs) is similar in
MV?* and BCEBP?* at pH 2.2, while the quenching by
MV?* proceeds much more slowly than that by BCEBP®
at pH 5.0. At pH 2.2, the electron-transfer rate constant
(kg™) in the exciplex [*Ru(bpy)3*---MV?] is slightly larger
than that of [*Ru(bpy)3*---BCEBP?*]. The diffusion rate
constant for exciplex formation is similar in MV?* and
BCEBP?*, while the diffusional dissociation of the exci-
plex [*Ru(bpy)3*---MV?*] occurs slightly more rapidly than
that of [*Ru(bpy)3*---BCEBP?*]. This slightly faster disso-
ciation of [*Ru(bpy)3*---BCEBP?*] mostly compensates for
the slightly faster k3™ of MV?*. As a result, the quenching
reaction by MV2* occurs with a similar rate constant to the
quenching by BCEBP?* at pH 2.2.

AtpH 5.0, the diffusion of BCEBP for exciplex formation
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occurs much more rapidly than that of MV?*, and the dif-
fusional dissociation of [*Ru(bpy)3*---BCEBP] takes place
more slowly than that of [*Ru(bpy)3*---MV?*]. Although the
electron transfer in the exciplex [*Ru(bpy)3*-- -MV?*] occurs
more rapidly than in [*Ru(bpy)3*---BCEBP] (see kg™ in Ta-
ble 3), the more rapid diffusion of BCEBP for the exciplex
formation and the slower diffusional dissociation of the ex-
ciplex lead to the more rapid quenching by BCEBP® than
that by MV?*. This means that the diffusion and diffusional
dissociation are the determining factors for the quenching
reaction at pH 5.0.

Why is the diffusion rate similar in MV?* and BCEBP?
at pH 2.2, but much different between them at pH 5.0? An
important difference is the charge of viologen; BCEBPY is a
neutral zwitter ion at pH 5.0, while it has 2+ charges at pH 2.2,
like MV?*. Since both MV?* and BCEBP?* take 2+ charges
at pH 2.2, the diffusion rate constant is similar in MV?2* and
BCEBP?* at this pH. At pH 5.0, on the other hand, the diffu-
sion of BCEBP? for exciplex formation occurs more rapidly
and the diffusional dissociation of [*Ru(bpy)3*---BCEBP’]
occurs much more slowly than those of MV?*, due to the
neutral charge of BCEBP.

In conclusion, not the electron transfer in the exciplex, but
the diffusion and diffusional dissociation, are determining
factors for the quenching of * [Ru(bpy)3]2+, and significantly
depend on the charge of viologen.

In the reverse electron-transfer reaction between [Ru-
(bpy)s;]** and one-electron-reduced viologen, -BCEBP* re-
acts with [Ru(bpy)s]** slightly more rapidly than does -MV*
at pH 2.2, but much more rapidly than does -MV* at pH
5.0. At pH 2.2, the diffusion (k}) for the encounter com-
plex formation similarly proceeds in -MV* and -BCEBP*.
Though the electron transfer takes place in the encounter
complex [Ru(bpy)3*----MV™] slightly more rapidly than
in [Ru(bpy)i*---BCEBP*], [Ru(bpy)3*----MV*] dissoci-
ates slightly more easily than does [Ru(bpy)3*-- -BCEBP*],
which results in the slightly smaller k%% of -MV* than that of
-BCEBP*. AtpH 5.0, the electron transfer occurs much more
rapidly in the encounter complex [Ru(bpy)3*--- -MV*] than
in [Ru(bpy)3*--- -BCEBP~]. However, k5 of -BCEBP~ is
much larger than that of -MV?*, and k*;; of -BCEBP~ is
much smaller than that of -MV™, due to the negative charge
of -BCEBP™. As a result, k% of BCEBP is larger than that
of -MV*.

From the above findings, reasonable conclusions emerge,
as follows. Although the electron-transfer rate constant in
the exciplex and the encounter complex are different between
MV? and BCEBP, they are not a determining factor for
both quenching and reverse electron-transfer reactions. The
overall rate constants of the quenching and reverse electron-
transfer reactions are mainly determined by the diffusion and
diffusional dissociation rate constants, which are very much
influenced by the charge effects of viologen. Thus, the charge
effects should be taken into consideration only concerning
the diffusion and diffusional dissociation rate constants when
attempting to construct an efficient photoreaction system.
Actually, various efficient photoreaction systems were suc-
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cessfully constructed by simple and intuitive consideration
of the charge effects.”!¥

The electron-transfer rate constants in the exciplex and the
encounter complex were successfully analyzed with Marcus
theory. We found that Hy, of MV?" is similar to that of
BCEBP?* at pH 2.2. This is probably because the 4,4’-
bipyridinium moiety of BCEBP?* is similar to MV?*. How-
ever, H;, of BCEBP? is much smaller than that of MV?* at
pH 5.0 in both quenching and reverse electron-transfer reac-
tions, against our expectation that BCEBP® and -BCEBP~
can more closely approach [Ru(bpy);]** than MV?* and
‘MV* because of either the absence of a columbic repul-
sion or the presence of a coulombic attraction. This result
is clearly interpreted in terms of the steric repulsion caused
by the zwitter-ion forms of BCEBP? and BCEBP~ at pH
5.0. Thus, it should be concluded that not the charge, but
the steric effect, of viologen is a determining factor for H.y,.
This is the reason that we take into consideration the charge
effects only in diffusional steps.
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and pH 5.0 respectively.

37) If AG® depends on the temperature, this plot is meaningless.
However, the redox potentials of MV>*, BCEBP, and [Ru(bpy)s]**
little depend on the temperature, as follows, where the redox poten-
tials at 10 and 40 °C are given for brevity; E>*/* (V vs. Ag/AgCl)
of MV?* is —0.58 and —0.59 at pH 5.0 on 10 and 40 °C, respec-
tively, and —0.59 at pH 2.2 on both 10 and 40 °C. E%~ o >/* (v
vs. Ag/AgCl) of BCEBP is —0.55 and —0.54 at pH 5.0, —0.51
and —0.50 at pH 2.2 on 10 and 40 °C, respectively. E**/>* (V vs.
Ag/AgCl) of [Ru(bpy)s]** is 1.15 and 1.14 at pH 5.0 on 10 and 40
°C, respectively, and 1.14 at pH 2.2 on both 10 and 40 °C. E>*/>*
(V vs. Ag/AgCl) of *[Ru(bpy);1** is —0.75 at pH 5.0 and —0.77 at
pH 2.2 on both 10 and 40 °C.

38) C. Creutz and N. Sutin, Inorg. Chem., 15, 496 (1976).

39) According to this discussion, Hy, of MV?* must be similar
in both pH 2.2 and 5.0. However, Hy, of MV?* is larger in pH 2.2
than in pH 5.0. Although we cannot find a concrete reason of this
result, at the present stage, one of the plausible reason is anion
effects: At pH 2.2, only the chloride anion exist but the acetate
anion also exists in the reaction solution. Hoffman reported that
the anion would influence the quenching reaction.'” Since the most
popular buffer at pH 5.0 involves the acetate anion and any buffer
solution at pH 2.2 does not involve the acetate anion, we cannot
compare Hy, between pH 2.2 and 5.0, in the presence of the same
anion. We wish here to focus on the difference in H,, between MV**
and BCEBP at pH 2.2 and 5.0.




