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Abstract 

The new bridging ligand, 2,6’-bis(2-pyridyl)-2,2’:6,2”-thiazoIo[4,S-~]-benzothiazole (bptb) and its dinuclear Ru complexes have 
been synthesized. The combination of the transient absorption (TA) spectra and spectroelectrochemical difference spectra has 
led to the assignment of the lowest excited state for the dinuclear Ru(I1) complexes as a Ru-to-bptb charge transfer state. 
Although the ab initio molecular calculations of bridging ligands have provided lower HOMO/LUMO energies for bptb 
compared to those of 2,6-bis(2-pyridyl)benzodiimidazole (dpimbH,), the degree of electronic coupling for the dinuclear bptb 
complex is smaller than that for the dpimbH, complex from the analysis of intervalence charge transfer band. Since both 
dinuclear Ru complexes have a similar coordination environment, the Ru dr-HOMO LV mixing is dominant for the metal-metal 
interaction through the hole transfer mechanism. 
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1. Introduction 

There has been increasing interest in dinuclear Ru 
polypyridine complexes with regard to the understanding 
of electronic interaction between the metal ions and 
of photoinduced intramolecular electron/energy transfer 
reactions [l]. Recently, the supramolecular assemblies 
consisting of oligonuclear metal complexes with a bridg- 
ing ligand have been proposed as having potential for 
photochemical molecular devices [2]. For realizing such 
supramolecular assemblies, the selection of metal ions, 
and peripheral and bridging ligands is required. In 
particular, the separation distance between the two 
metal ions, the spatial orientation, and the through- 
bond coupling can be changed by the bridging ligand. 
Thus, the molecular design of the bridging ligand is 
important in building up the supramolecular assemblies. 

Concerning the electronic structure of the bridging 
ligand, the orbital mixing between the metal dr orbitals 
and the ligand HOMO/LUMO (Lr or Lr*) orbitals 
is discussed from the viewpoint of electron-type or hole- 

* Corresponding author. 

type superexchange mechanisms in the mixed-valence 
Ru(II)-Ru(II1) complexes [3]. In the electron-type su- 
perexchange mechanism given in Scheme 1, the mixing 
between the LUMO r* orbitals and Ru(I1) dr orbital 
is the major contribution for metal-metal interaction. 
On the other hand, the hole-type superexchange mech- 
anism is attributable to an electronic interaction between 

BLn*(LUMO) /‘i Electron-type superexchange 

RN+‘-; II$dn 

,+ Hole-type superexchange 

BLn(HOM0) ,i- 

Scheme 1. 
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X = NH dpimbH2 dpp 
S bptb 

Scheme 2. Bridging ligands and their abbreviations. 

the HOMO rr orbitals of the bridged ligand and Ru(II1) 
drr orbitals. 

Recently, the importance of the hole-transfer mech- 
anism in intervalence charge transfer transition between 
Ru(I1) and Ru(II1) has been pointed out in several 
anionic-type bridging systems such as bibenzimidazolate 
and 1,2_diacetylhydrazido dianion [3,4a]. In these bridg- 
ing ligands, the ligand HOMO orbitals are located in 
relatively high energy, and interact with the Ru dr 
orbitals more strongly than the LUMO rr* orbitals do. 
Thus, the hole-type transfer versus the electron-type 
transfer mechanism in Ru dinuclear complexes could 
be controlled by selecting the orbital energies in the 
bridging ligand. 

The benzimidazole fragment has a relatively strong 
r-donor property, resulting in the stabilization of the 
Ru(II1) state compared to the pyridine or pyrazine 
fragment [5]. We are continuing our studies on the 
molecular design of the bridging ligands based on the 
benzimidazole fragment [4]. In the previous study, we 
reported the photoexcited property of the dinuclear 
Ru complex containing 2,6-bis(2_pyridyl)benzodi- 
imidazole (dpimbH,), in which the superexchange in- 
teraction was enhanced when the excited electron re- 
sided on the bridging dpimbH, ligand [4e]. As an 
extension of the previous study, we here report the 
synthesis and properties of a new bridging ligand, 2,6’- 
bis(2-pyridyl)-2,2’:6,2”-thiazolo[4,5-d]-benzothiazole 
(bptb), and its Ru dinuclear complex. In the bptb 
bridging ligand, the N-H imino group of dpimbH, is 
substituted by an S atom. For the Ru dinuclear com- 
plexes, several examples of sulfur-containing bridging 
ligands are known, but not extensively [6] (Scheme 2). 

2. Experimental 

2.1. Materials 

2,5-Diamino-1,4-benzenedithiol dihydrochloride (To- 
kyo Kasei) and 2-picolinic acid (Nacalai) were used as 
supplied. Tetra-n-butylammonium tetrafluoroborate 
(TBABF,) was purchased from Nacalai, recrystallized 
twice from ethyl acetate/pentane, and vacuum dried at 
70 “C for 12 h. Acetonitrile was dried over phosphorus 

pentoxide twice and then distilled over CaH, under 
nitrogen. All other chemicals were of analytical grade, 
and used as supplied. 

2.2. Preparations 

The perdeuterio 2,2’-bipyridine (bpy-d,) was syn- 
thesized according to the literature method [7]. The 
starting complexes, Ru(bpy),C1,.2H,O [8] and Ru(bpy- 
d&Cl, [7] (bpy = 2,2’-bipyridine, bpy-d, = perdeuterio 
2,2’-bipyridine), were prepared by the literature meth- 
ods. 

Caution! Perchlorate salts are potentially explosive. 
Although no detonation tendencies have been observed, 
caution is advised and handling of only small quantities 
is recommended. 

2.2.1. Bridging l&and, 2,6’-bis(2-pyridylj-2,2’:6,2”- 
thiazolo[4,.5-d]-benzothiazole (bptb) 

2,5-Diamino-1,4-benzenedithiol dihydrochloride (3.0 
g, 12.2 mmol) in polyphosphoric acid was heated at 
90 “C for 15 h, during which time the volume of the 
contents increased remarkably because of the evolution 
of hydrogen chloride gas. After the gas evolution ceased, 
2-picolinic acid (3.0 g, 24.4 mmol) was added to the 
resulting yellow solution. The mixture was heated at 
150 “C for 16 h. After being cooled to 100 “C, the 
resulting dark red solution was poured into methanol 
(500 cm3). The yellow precipitate was collected and 
put into an aqueous solution of 2 M ammonia for 
neutralization. The pale yellow precipitate was collected, 
washed with water, ethanol, ether and dried in vacua. 
Yield 4.3 g. M.p. > 270 “C. Mass spectrum: r&= 346 
(M+); M= C,,H,,N,S,. Anal. Calc. for C,,H,,N,S,: C, 
62.41; H, 2.91; N, 16.17. Found: C, 61.95; H, 2.72; N, 
16.50%. 

2.2.2. Dinuclear complexes 
[Ru(bpy),(bptb)Ru(bpy),l(ClO,),.4H,O. Ru(bpy),CL 

(0.30 g, 0.26 mmol) was dispersed in 30 cm3 of glycerol 
and stirred with heating at 100 “C for 1 h. To this 
dark red solution was added solid bptb (0.15 g, 0.13 
mmol), and the solution was heated at 130 “C for an 
additional 25 h. After cooling, the resulting reaction 
mixture was diluted with water (20 cm’) and filtered. 
To the filtrate was added an aqueous solution of NaClO, 
(1.0 g, 8.2 mmol), precipitating the desired complex. 
The product was filtered, and purified by SP Sephadex 
C-25 column chromatography with acetonitrile/Brit- 
ton-Robinson buffer (1:l vol./vol.) as eluent. The desired 
dinuclear complex was eluted at pH 9 with 0.05 M 
sodium chloride as a third dark red-brown band, which 
was collected, followed by evaporation of the solvent. 
The dark black residue was recrystallized from methanol/ 
water (5:l vol./vol.). Yield 0.2 g (39%). Anal. Calc. for 
C,,H,,N,,O,,Cl,S,Ru,~4H,O: C, 42.40; H, 3.07; N, 
10.23. Found. C, 42.71; H, 3.21; N, 10.23%. 
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[Ru(bpy-d,),(bptb)Ru(bpy-d,),](CZO,),.4H,O. This 
complex was similarly obtained from the reaction of 
Ru(bpy-d&Cl, (0.20 g, 0.4 mmol) with bptb (0.07 g, 
0.2 mmol) in glycerol and purified by SP Sephadex C- 
25 column chromatography with acetonitrile/Brit- 
ton-Robinson buffer (1:l vol./vol.; pH 7 with 0.08 M 
sodium chloride) as eluent. The dark black residue was 
recrystallized from methanol/acetonitrile (6:l vol./vol.). 
Yield 0.1 g (30%). Anal. Calc. for C,,H,,N,,O,,Cl,- 
S,Ru, *4H,O (for the molecular weight calculation = 
C,,H,,D,,N,,O,,Cl,S,Ru,~4H,O): C, 41.58; H, 3.01; N, 
10.03. Found: C, 41.93; H, 3.14; N, 10.08%. 

2.3. Physical measurements 

Electronic spectra were obtained on a Hitachi U- 
3210 spectrophotometer from 200 to 850 nm and a 
Hitachi 3400 spectrophotometer from 800 to 2600 nm. 
Fourier transform NMR spectra were recorded on a 
JEOL-GX270 spectrometer. Electrochemical measure- 
ments were made at 20 “C with a BAS 100/W elec- 
trochemical analyzer. The working electrode was a 
glassy-carbon or platinum electrode and the auxiliary 
electrode was a platinum plate. The reference electrode 
was a BAS RE-1 Ag/AgCl electrode. All the potentials 
are referred to those of the ferrocenium/ferrocene 
(Fc+“) couple, which is +0.33 V versus SCE. The 
spectroelectrochemistry was performed by using a plat- 
inum minigrid (80 mesh) working electrode in the thin- 
layer cell. The cell was located directly in the spec- 
trophotometer, and the absorption change was moni- 
tored during the electrolysis. The flow electrolysis was 
performed by the same flow-through cell as reported 
previously [5d]. In the flow controlled potential elec- 
trolysis, the current at a set potential is directly pro- 
portional to the number of electrons used during the 
oxidation. The plot of current versus absorbance at one 
wavelength gives the oxidative titration curve. For the 
intervalence charge transfer band in the mixed-valence 
complex, the comproportionation constant can be de- 
termined by the analysis of this titration curve [9]. 

An Hitachi spectrofluorometer, model MPF-2A was 
used to obtain the emission spectra at room temperature. 
Emission lifetimes were measured by means of the 
single-photon-counting methods on a Horiba NASE- 
5.50 nanosecond fluorometer system. The sample was 
excited by the 500 nm pulses from a hydrogen gas lamp 
through a Nikon G-50 monochromator. Transient ab- 
sorption spectra after exposure to the second harmonic 
pulse of the Q-switched Nd3 + -YAG laser were obtained 
by the procedure described in Ref. [lo]. The geometrical 
structures of the bridging ligands bptb and dpimbH, 
were optimized using the STO-3G basis set [ll] within 
Hartree-Fock approximation (HF/STO-3G). The HF/ 
3-21G method [12] was employed to obtain more reliable 

electronic structures at the HF/STO-3G optimized ge- 
ometries. All calculations were performed using the 
quantum chemistry program code GAMESS [13]. 

3. Results and discussion 

3.1. Characterization 

The synthetic route for the bridging ligand and com- 
plexes is summarized in Scheme 3. The bptb bridging 
ligand was obtained by the condensation reaction of 
2,5-diamino-1,4_benzenedithiol dihydrochloride with 2 
equiv. of 2-picolinic acid in polyphosphoric acid. This 
ligand is insoluble in all the solvents. The stoichiometric 
reaction between Ru(L),Cl, (L= bpy, bpy-d,) and bptb 
(2:l molar ratio) in glycerol gave the dinuclear complex, 
[Ru(L),(bptb)Ru(L),14+. However, even when the re- 
action was run in a 1:l molar ratio, only the dinuclear 
complex was formed. The synthesis of the mononuclear 
complex is currently under way. The dinuclear complex 
is soluble in polar solvents such as acetonitrile and 
acetone. The bis bidentate coordination fashion of bptb 
was confirmed by the ‘H NMR Spectra of [Ru(bpy- 
d&(bptb)Ru(bpy-d&](C10,),.4H,O in DMSO-de, 
which are shown in Fig. 1. 

The ‘H NMR spectra of [Ru(bpy-d&(bptb)Ru(bpy- 
d,),](C10,),.4H,O consist of five sets of signals together 
with other small signals. By comparison with the reported 
chemical shifts of related benzimidazole complexes [14] 
and spin-spin coupling constants, the signals can be 
assigned to H(3), H(4), H(6), H(5), H(a) protons in 
this order from the low frequency signal. The singlet 
feature of the H(a) proton indicates the magnetically 
symmetric environment in the bptb bridging ligand. 
When the bptb ligand forms a symmetrical bis bidentate 

Scheme 3 
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Fig. 1. ‘H NMR spectra of [Ru(bpy-d&(bptb)Ru(bpy- 
d,),](CIO,),.4H,O in DMSO-d+ 

Scheme 4. 

coordination, two coordination fashions are possible; 
i.e. two N-N or two N-S coordination. If the complex 
has a two N-S coordination mode, free imino nitrogens 
would exist and the protonation reaction on the free 
N sites would be expected. Since there is no UV spectral 
change on the addition of perchloric acid into the 
dinuclear bptb complex in CH,CN, no free imino ni- 
trogens exist. Consequently, the bptb bridging ligand 
is coordinated to two Ru(bpy), moieties through the 
two N-N bidentate fashion. Two groups of ‘H NMR 
signals with an intensity ratio of 3:l in Fig. 1 suggest 
the existence of diastereoisomers in the solution, as 
shown in Scheme 4 but with a different ratio. Recently, 
the separation of pure stereoisomers has been reported, 
in which the larger shielding for the protons in AA/ 
AA complexes compared to the AA/AA ones were 
observed on the ‘H NMR spectra because of the ring 
current induced by the adjacent ring [15]. In the present 
complex, the H(a) protons show the most significant 
difference of the chemical shifts between the two stereo- 
isomers: the minor portion of the stereoisomers appears 
at a higher field compared to the major portion. Con- 

sidering the interligand through-space ring current an- 
isotropy, the major portion in the stereoisomers can 
be assigned to the AA/AA diastereoisomer. 

3.2. Electrochemistry 

The cyclic voltammogram of [Ru(bpy)a(bptb)- 

RuCwM4+ in CH,CN is shown in Fig. 2. One oxidation 
process labeled I and three reduction processes II, III, 
IV are observed. Oxidative process I is chemically 
reversible, and coulometry results show that two elec- 
trons are involved in this process. The peak-to-peak 
separation is 65 mV. Following the analysis of this 
peak-to-peak separation by Richardson and Taube [ 161, 
process I consists of two closely spaced one-electron 
processes with potentials, E,,,l = 0.96 and E,,22 = 1.00 
V versus Fc+‘O. 

[Ru(II)-bptb-Ru(II)]“’ = 

E”z 
[Ru(III)-bptb-Ru(II)]5+ G== 

AE,,,=E’,-E’, 

Furthermore, the separation between two oxidation 
potentials is 40 mV for [Ru(bpy),(bptb)Ru(bpy)J4+, 
which is smaller than the reported value (80 mV) for 
[Ru(bpy),(dpimbH2)Ru(bpy)J4’ [4e]. This potential 
separation is thermodynamically related to the equi- 
librium constant, K,,,, for the comproportionation as 
shown below [17]: 

[Ru(II)-BL-Ru(II)14+ + [Ru(III)-BL-Ru(III)]“+ = 

2[Ru(II)-BL-Ru(III)]“+ 

BL= bptb, dpimbH, 

By using the thermodynamic relationship between 
the potential separation and comproportionation con- 
stant, the value K,,,= 4.7 is obtained for the present 
system. A small K,,, for [Ru(bpy),(bptb)Ru(bpy)J4+ 

E 
al 
k 

a 
a 

+l.O 0 -1.0 -2.c 

V vs Fc”+ 

Fig. 2. Cyclic voltammogram of [Ru(bpy)z(bptb)Ru(bpy),]4+ (0.5 
mM) in CH,CN (0.1 M TBABF4) at a platinum electrode at room 
temperature. Scan rate= 100 mV s-‘. 
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indicates the instability of the mixed-valence 
Ru(II)-Ru(II1) state for the bptb system. 

On the other hand, both reduction processes II and 
III are one-electron processes at - 1.13 and - 1.41 V, 
while process IV at E,,= - 1.90 V is complicated by 
an absorption to the electrode, but the peak height on 
differential pulse voltammogram (DPV) suggests two 
electrons may be involved. The oxidation process is 
Ru(II)/Ru(III) metal based, while the reduction pro- 
cesses are associated with the ligand rr* LUMO energies. 
By comparison with the reduction potentials of 
[Ru(bpy),12+ and [Ru(bpy),(L)]‘+ [4a], the reduction 
processes II and III are bridging ligand bptb based 
and process IV is peripheral bpy based as shown in 
Scheme 5. Thus, the LUMO in this dinuclear complex 
consists of mainly bridging ligand bptb Z-* orbitals. 

The oxidation potential for [Ru(bpy)z(bptb)- 
Ru(bpy),14+ (E,,,’ =0.96 and El,,2 = 1.00 V versus 
Fc”‘) is higher than that for [Ru(bpy),(dpimbH,)- 
Ru(bpy)J4+ [4e], suggesting that the bptb bridging 
ligand is a stronger rr acceptor than dpimbH,. This 
stronger r acceptor property can be supported by the 
lower reduction potentials in [Ru(bpy),(bptb)- 
Ru(bpy),14 + ~ 

3.3. Absorption and emission spectra 

Absorption spectra of [Ru(bpy)2(bptb)Ru(bpy),14’ 
in CH,CN are shown in Fig. 3, and the spectral data 
are collected in Table 1 together with analogous Ru 
complexes. The absorption bands at 516 and 435 nm 
correspond to Ru dr-to-r*(bptb) and Ru dr-to-r*(bpy) 
metal-to-ligand charge-transfer (MLCT) transitions, re- 
spectively. The intense r-r*(bptb) intraligand band 
appears at 384 and 364 nm. Changing the bridging 
ligands in the dinuclear complexes, [Ru(bpy),(BL)Ru- 

1e 
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[(bpy-)(bpy)Ru(ll)(bptb 2 -)Ru(ll)(bpy)(bpy-)1° 
Scheme 5. 
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Fig. 3. Absorption spectra of [Ru(bpy)Z(BL)Ru(bpy)2]4+ in CH,CN. 
BL=bptb is shown as a solid line and dpimbH, as a dotted line. 

(‘m%14 + 7 shifts the MLCT band maximum to a lower 
energy in the order of BL= dpimbH,< bptb <dpp. 
These results indicate that the r-acceptor property for 
the bridging ligand BL increases in this order. 

The complex, [Ru(bpy)2(bptb)Ru(bpy),14f, in 
CH,CN exhibits an emission maximum at 746 nm 
(uncorrected) with a lifetime of 115 ns at room tem- 
perature. Since the energy of emission decreases on 
going from the dpimbH, bridged complex to the bptb 
one, the energy gap between the Ru drr and Lr* 
orbitals decreases. As a result, the lifetime of the excited 
state decreases, followed by the energy gap law [18]. 

The spectroelectrochemical oxidation of [Ru(bpy),- 
@PbFWmM4 + in CH,CN at + 1.2 V versus 
Fc +‘O leads to a complete loss of the MLCT band at 
516 and 435 nm and the appearance of a new ligand- 
to-Ru(II1) charge transfer (LMCT) band with low in- 
tensity at 764 nm after the two-electron oxidation (Fig. 
4). After the complete oxidation, the original spectra 
can be regenerated by reduction at +0.5 V. 

3.4. Transient absorption (TA) spectra 

Fig. 5 shows a TA spectrum of [Ru(bpy),(bptb)- 
Ru(bpy)J4+ in CH,CN at room temperature imme- 
diately after laser excitation. A characteristic feature 
of the TA spectrum is a bleaching of the r--r* band 
of bptb at 364 and 384 nm and an enhancement at 
420 nm and around 750 nm. This TA spectrum is quite 
different from that of [Ru(bpy),]‘+ [4c,19], but quite 
similar to that of [Ru(bpy),(dpimbH,)Ru(bpy)J4’ re- 
ported previously, although the peaks andvalleys showed 
longer wavelength shifts [4e]. A comparison between 
the TA spectrum and the spectra of the oxidized and 
reduced form of [Ru(bpy)z(bptb)Ru(bpy)Z]4+ is in- 
formative. The electrochemical two-electron oxidation 
of [Ru(bpy),(bptb)Ru(bpy),14’ gave rise to a difference 
absorption spectrum with reference to that of the Ru(I1) 
compound, as shown in Fig. 6(a). The one-electron 
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Table 1 
Spectral and electrochemical data 

Complex Absorption Emission Redox potentials 

kl,X (nm) Assignment kll,X (nm) vs. Fc+~’ Redox site 
(e (M-’ cm-‘)) (lifetime (ns)) (V) 

IRu(bpy),(bptb)Ru(bpy)~14 + 285 (129000) bpy(r-r*) 746 (115) oxidation 
364 (53800) BL(wr*) 0.96, 1.00 Ru(II/III) 
384 (51100) BL(w,r*) reduction 
435 (13000) MLCT - 1.13 BLbptb 
516 (14300) MLCT - 1.42 BLbptb 

- 1.90 bpy 

IRu(bpy),(dpimbHz)Ru(bpy),14+ 1 288 (116000) bpy(n-P*) 680 (606) oxidation 
359 (57600) BL(rwr*) 0.75, 0.83 Ru(II/III) 
378 (62400) BL(~T*) reduction 
461 (24900) MLCT - 1.79(E,,)irr 

- 1.88 bpy 
-2.17 bpy 

[Ru(bpy)z(dpp)Ru(bpy),14t b 284 (115000) bpy(+r*) 802 (125) oxidation 
425 (19800) MLCT 0.99, 1.16 Ru(lI/III) 
526 (24700) MLCT reduction 

- 1.05 dpp 
- 1.55 dpp 
- 1.95 b py 

“Ref. [4e]. 
bRef. [19]. 

0.8 
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'0 cn 0.4 
r) 
a 

0 
300 400 500 600 700 800 

Wavelength, nm 
Fig. 4. Time resolved absorption spectra of [Ru(bpy),(bptb)- 
Ru(bpy)J+ (0.26 mM) in CH,CN (0.1 M TBABF,,) on the spec- 
troelectrochemical oxidative condition at + 1.2 V vs. Fc+‘“. 

oxidized difference spectra of [Ru(bpy)2(bptb)- 
Ru(bpy)J4 + was calculated as half of this fully oxidized 
difference spectrum. The negative bands of the dif- spectrum on electrochemical reduction at - 1.3 V pro- 
ference spectrum at 435 and 516 nm correspond to the vides a positive band at 469 nm and negative bands 
bleaching of the MLCT bands. The positive bands are at 384, 364 and 314 nm (Fig. 6(b)). By comparing the 
seen at 398 and 316 nm in the difference absorption TA spectrum with the electrochemical difference ab- 
spectrum, which can be assigned as a bptb r--r* and sorption spectra, the strong bleaching of the r-rr* 
a bpy r-r* band coordinated to Ru(II1) ion, respec- transition of bptb at 364 and 384 nm indicates the 
tively. A positive band around 750 nm is assigned to reduction of the bptb bridging ligand, and the en- 
bptb-to-Ru(II1) charge transfer and bpy-to-Ru(II1) hancement of the band at 420 nm and around 750 nm 
charge transfer (LMCT), as in the case of [Ru(bpy)$+ is assigned to the P-rr* band of bptb-. These data 
and [Ru(bpy),(bpbimH,)12’ (bpbimH, = 2,2’-bis(2-pyr- strongly indicate that the excited electron resides on 
idyl)bibenzimidazole) [4c,4d]. Similarly, the difference the bptb bridging ligand. 

, 1, I I I I I 
300 400 500 600 700 800 900 

Wavelength.nm 

Fig. 5. Transient absorption (TA) spectrum of [Ru(bpy)z(bptb)- 
Ru(bpy)J’+ (0.1 mM) in CH,CN at room temperature immediately 
after laser excitation. 
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I , I I 
300 ltoo 500 600 700 800 

Wavelength, nm 

Fig. 6. Difference absorption spectra of [Ru(bpy)z(bptb)Ru(bpy)Z]4+ 
(0.26 mM) in CH,CN (0.1 M TBABF.,) on the spectroelectrochemical 
condition: (a) half of the spectrum obtained by the oxidation at 
+1.2 V, (b) the reduction at -1.3 V vs. Fc+/“. 

500 
_.m. _ 

: Flu(H) -Ru(ll) 
4oo _ - . Ru(ll) -Ru(lll) 

- - -- ; Ru(lll)-Ru(lll) 

1 

Wavenumber, cm” 

Fig. 7. The intervalence charge transfer band of 

[Ru(bpy)z(bptb)Ru(bpy)zl 4+ in CH,CN, obtained by the flow oxidative 
electrolysis. The spectra were corrected by considering the compro- 
portionation equilibrium. 

[Ru(11)(bptb)Ru(11)]“+ 2 

3.5. Metal-metal interaction in the dinuclear complexes 

While the original complex, [Ru(bpy)*(bptb)- 
WwM4 +, is transparent in the near-IR region ( > 700 
nm), the flow oxidative controlled-electrolysis exhibits 
a new broad band at 1490 nm (6700 cm-‘) on the 
edge of the LMCT band at 750 nm, which can be 
assigned to an IT transition. This assignment is con- 
firmed by the disappearance of this band when the 
potential is set under the fully oxidation condition of 
the dinuclear complex (Fig. 7). The degree of electronic 
coupling between the metal centers, HaB, can be eval- 
uated from the position, bandwidth and intensity of 
the IT band using the following equation [17,20]: 

HAB = 2.0.5 x IOp2[ cm,;m4~12]1’2[ y] (in cm- ‘) 

where E,,, is the extinction coefficient (in M-l cm-‘), 
is the wavenumber of the IT absorption maximum 

;Tcrn-‘), A u~,~ is the bandwidth at half-intensity (in 
cm-l), and r is the distance between the metal sites 
(in A). For the bptb dinuclear complex, the value of 
the Ru-Ru distance r=8 8, was used on the basis of 
the molecular model. The observed bandwidth (4570 
cm-l) is a little broader than the calculated one (3930 
cm-l). The NAB value for the bptb system is estimated 
to be 180 cm-l, which is smaller than that for dpimbH, 
(470 cm-l). 

In order to shed light on the electronic structure of 
the bptb ligand, ab initio molecular orbital calculations 
of bptb and dpimbH, were carried out. The HOMO 
and LUMO energies for bptb are -8.362 and 1.216 
eV, while those for dpimbH, are -7.529 and 1.744 
eV, respectively. From these MO calculations, the 
HOMO and LUMO energies for bptb are lower than 
those for dpimbH,. Furthermore, the r orbitals on the 
ligand are seen in both HOMO and LUMO (Fig. S), 
which can be interacted with the Ru dr orbitals. By 
comparing the HAB value for the bptb complex with 
that for dpimbH,, a smaller value of HAB is obtained 
for the bptb complex. The metal-metal interaction in 
the mixed-valence complexes would be dependent on 
the overlap between the frontier orbitals of the metal 
and the bridging ligand, which is determined by the 
energy gap between the metal dr orbitals and the 
LUMO and HOMO orbitals of the bridging ligand. By 
comparison with the analogous bridging systems, the 
lowering of the HOMO/LUMO energies should lead 
to a larger overlap between the Ru dr orbitals and 
the LUMO, on the other hand the raising of the HOMO/ 
LUMO energies causes a larger overlap between the 
Ru drr orbitals and the HOMO (see Fig. 8) [3a]. 
Considering the similar coordination environment be- 
tween the bptb and dpimbH, complexes, the overlap 
between the Ru drr orbitals and the HOMO determines 
the strength of the metal-metal interaction in the present 
systems, and consequently the hole-type transfer mech- 

El 
I ,,.’ 

II ,,,,,,, ,,/,* ,,,,,,,, ,1.11 

_.I’ -: 

:- :,,,,,,,, I”’ ,,,,,,, in ’ 

‘. 11 :iHOMOn 

RU(ll) __ BL ~ Ru(lll) 

BL = bptb _ 

(dpbimu2 ,,,,,,,,,,,,,) p;a:* 
Fig. 8. Schematic presentation of the orbital mixing between the 
HOMO/LUMO of the bridging ligand (BL) and two Ru dr orbitals. 
The contour plots of the HOMO/LUMO of bptb are shown as an 
inset. Dashed lines indicates regions of negative phase. 
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anism becomes a dominant superexchange pathway. 
When the bptb complex is photochemically excited, the 
negative charge on the bridging ligand of the excited 
electron may enhance the hole-type superexchange 
interaction between the metal sites. 
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