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Diruthenium ethynyl complexes 1－3 (1: 1,5-dithia-s-indacene-4,8-dione; 2: 4,8-diethoxybenzo[1,2-b:4,5- 
b']dithiophene; 3: 4,8-didodecyloxybenzo[1,2-b:4,5-b']dithiophene) have been synthesized by incorporating the re-
spective conjugated heterocyclic spacer and characterized by NMR and elemental analysis. The effects of bridge 
ligands’ properties on electronic coupling between redox-active ruthenium terminal groups were investigated by 
electrochemistry, UV/vis/near-IR and IR spectroelectrochemistry combined with density functional theory (DFT) 
and time-dependent DFT calculations. Electrochemistry results indicated that complexes 1－3 exhibit two fully re-
versible oxidation waves, and complexes 2 and 3 with electron-rich and π-conjuagted bridge ligands are character-
ized by excellent electrochemical properties. Furthermore, the larger ν(C≡C) separation from the IR spectroelec-
trochemical results of 2 and 3 and the intense NIR absorption features of singly oxidized species 2＋ and 3＋ re-
vealed that their molecular skeletons have superior abilities to delocalize the positive charge. The spin density dis-
tribution from DFT calculations proved the conclusions of this study. 
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Introduction 

Binuclear complexes that contain two redox-active 
metal terminals and π-conjugated bridge ligands as 
models have been proven to be useful for the design and 
research of molecular wires, the methods have been ex-
tensively applied in recent years to explore the elec-
tronic transport ability of bridge ligands based on the 
electronic communications between two redox-active 
metal terminals.[1-4] Recently, numerous organic conju-
gative ligands and redox-active metal terminals were 
used to develop a type of “organometallic molecular 
wires” model.[4] Organic bridge ligands in these com-
plexes are usually rich in electrons, which can provide 
an electronic coupling pathway; some representative 
examples are polyene,[5] polyyne,[6] oligomeric aromatic 
hydrocarbons,[7] polycyclic aromatic hydrocarbons,[8] 
and heteroacenes.[9] As for the metal terminal groups, 
iron,[10] ruthenium,[7,8,11] osmium,[12] and molybdenum[13] 
units with different auxiliary ligands, such as cyclopen-
tadienyl, bis(diphenylphosphino)ethane (dppe) are typi-
cally used because of their redox-active properties and 
electrochemical stability.  

Dimetallic systems with the above mentioned ruthe-
nium units linked by polycyclic aromatic hydrocarbons 
and heteroacenes are of special interest because of the 
simple synthesis methods and excellent electronic 
transfer properties of the bridge ligands. Kaim,[14] 
Low,[8,15] Zhong,[16,17] Chen,[18] and Liu[19,20] groups 
have performed various experiments to characterize and 
investigate the electronic coupling of these systems by 
electrochemistry, spectroelectrochemistry and theoreti-
cal calculations. Recently, we reported four isomeric 
benzodithiophene diethynyl diruthenium complexes and 
investigated their charge delocalization properties;[21] 
the study results revealed that benzo[1,2-b;4,5-b']-
dithiophene ligand has the best charge delocalization 
performance (Complex 4 in Chart 1). Thus, to continu-
ally explore the relationship between bridge ligands’ 
properties and electronic coupling based on the ben-
zo[1,2-b;4,5-b']dithiophene ligand, we select three ben-
zo[1,2-b;4,5-b']dithiophene analogues as bridge linkers 
and RuCp*dppe (Cp*＝C5Me5) as redox-active metal 
terminal, and present the synthesis, structures charac-
terization and electronic properties of complexes 1－3 
(Chart 1).  
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Chart 1  Benzo[1,2-b;4,5-b']dithiophene analogue-bridged bimetallic ruthenium complexes 1－3 
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Experimental 

Materials and methods 

All manipulations were carried out under an atmos-
phere of dry argon gas by using standard Schlenk tech-
niques, unless stated otherwise. Solvents were pre-dried, 
distilled and kept under an atmosphere of a dry inert gas 
(nitrogen or argon) prior to use in spectro-electrochem-
ical measurements. Trimethylsilylacetylene (TMSA), 
[Pd(PPh3)4], KF, nBu4NBr, CH3CH2Br, nC12H25Br, Br2, 
CuI and solvents were purchased from Sinopharm Chem-
ical Reagent Co., Ltd., and used without further purifi-
cation. The starting complexes [Cp*Ru(dppe)Cl],[31-33] 
1a[34] and 2a[35] were prepared according to literature 
procedures.  

Nuclear magnetic resonance (NMR) spectra were 
recorded on a Varian Mercury Plus 400 spectrometer 
(400 MHz) operating at 298 K in the Fourier transform 
mode. 1H and 13C NMR chemical shifts (δ) are relative 
to TMS, and 31P NMR chemical shifts relative to 85% 
H3PO4. Elemental analyses (C, H, N) were performed 
with a Vario ElIII CHNSO instrument. Electrochemical 
data were obtained from cyclic voltammetry and 
square-wave voltammetry, using a CHI 660C potenti-
ostat (USA) and a standard air-tight three-electrode cell. 
The concentrations of the analyte (complexes 1－3) and 
supporting electrolyte (Bu4NPF6) were typically 103 
and 101 mol•L1, respectively. A pre-polished 500-μm 
diameter platinum disk working electrode, a platinum 
wire counter electrode, and an Ag/Ag＋ reference elec-
trode were used. Spectroelectrochemical experiments at 
room temperature were performed with an air-tight op-
tically transparent thin-layer electrochemical (OTTLE) 
cell (optical path length of ca. 200 μm) equipped with a 
Pt minigrid working electrode and CaF2 windows.[36] 
The cell was positioned in the sample compartments of 
a Bruker Tensor FT-IR spectrometer (1 cm1 spectral 
resolution, 8 scans) and a Shimadzu UV-3600 UV-vis- 
NIR spectrophotometer. The controlled-potential elec-
trolyses within the OTTLE cell were carried out using a 
CHI 660C potentiostat.  

DFT calculations were performed with the Gaussian 
09 program, at the B3LYP/3-21G* levels of theory. 

Geometry optimizations were performed without any 
symmetry constraints, and frequency calculations on the 
resulting optimized geometries showed no imaginary 
frequencies. Electronic transitions were calculated by 
the time-dependent DFT (TD-DFT) method. The MO 
contributions were generated using the Multiwfn2.6.1_ 
bin_Win package and plotted using GaussView 5.0. 

Preparation of intermediate compounds (1b, 2b－2d, 
3b－3d) 

Preparation of 2,6-bis(trimethylsilylethynyl)-1,5- 
dithia-s-indacene-4,8-dione (1b)  To a stirred solution 
of 2,6-dibromo-1,5-dithia-s-indacene-4,8-dione 2a (200 
mg, 0.53 mmol), CuI (10 mg, 0.053 mmol) and 
Pd(PPh3)4 (61 mg, 0.053 mmol) in triethylamine (10 mL) 
and THF (20 mL) under an argon atmosphere was added 
(trimethylsilyl)acetylene (207 mg, 2.12 mmol), and the 
mixture was refluxed at 60 ℃ for 24 h. The cold solu-
tion was filtered through a bed of Celite. The filtrate 
was evaporated under reduced pressure and purified by 
silica gel column chromatography (CH2Cl2/petroleum 
ether, V∶V＝1∶2) to give a light yellow solid (114 mg, 
51%). 1H NMR (400 MHz, CDCl3) δ: 0.28 (s, 18H, 
SiMe3), 7.63 (s, 2H). 

Preparation of 4,8-diethoxybenzo[1,2-b:4,5-b']di-
thiophene (2b)  Under an argon atmosphere, water (50 
mL) was added to benzo[1,2-b:4,5-b']dithiophene-4,8- 
dione (1.32 g, 6.00 mmol), zinc power (819 mg, 12.6 
mmol), sodium hydroxide (3.60 g, 90 mmol) in a round 
botom flask (100 mL). After refluxing for 3 h, to the 
stirred solution was added bromoethane (1.96 g, 18 
mmol), nBu4NBr (193.4 mg, 0.6 mmol). The reaction 
mixture was refluxed for 6 h again and then poured into 
water (100 mL). The mixture was extracted with diethyl 
ether three times. The combined organic layer was dried 
with anhydrous sodium sulfate and evaporated under 
reduced pressure and purified by silica gel column 
chromatography (CH2Cl2/petroleum ether, V∶V＝1∶3) 
to give a white solid (1.12g, 67%). 1H NMR (400 MHz, 
CDCl3) δ: 1.49 (t, J＝7.2 Hz, 6H, CH3), 4.37 (q, J＝7.2 
Hz, 4H, OCH2), 7.38 (d, J＝5.6 Hz, 2H, thiophene-H), 
7.48 (d, J＝5.6 Hz, 2H, thiophene-H). 13C NMR (100 
MHz, CDCl3) δ: 16.09 (CH3), 69.42 (OCH2), 120.29, 
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126.01, 130.33, 131.69, 144.17. 
Preparation of 4,8-didodecyloxybenzo[1,2-b:4,5- 

b']dithiophene (3b)  The procedure of 3b was similar 
to that of 2b. Benzo[1,2-b:4,5-b']dithiophene-4,8-dione 
(200 mg, 0.91 mmol), zinc power (124 mg, 1.91 mmol), 
sodium hydroxide (546 mg, 13.70 mmol), nC12H25Br 
(683 mg, 2.73 mmol), nBu4NBr (30 mg, 0.091 mmol), 
water (15 mL). Yield: 356 mg (70%) of a light yellow 
solid. 1H NMR (400 MHz, CDCl3) δ: 0.88 (t, J＝6.8 Hz, 
6H, CH3), 1.15－1.40 (m, 36H, CH2), 1.81－1.89 (m, 
4H, CH2), 4.28 (q, J＝6.4 Hz, 4H, OCH2). 7.36 (d, J＝
5.6 Hz, 2H, thiophene-H), 7.48 (d, J＝5.6 Hz, 2H, 
thiophene-H); 13C NMR (100 MHz, CDCl3) δ: 14.15 
(CH3), 22.73, 25.98, 29.39, 29.62, 29.65, 30.43, 31.91, 
74.15 (OCH2), 114.98, 123.10, 130.87, 131.17, 142.52. 

Preparation of 2,6-dibromo-4,8-diethoxybenzo- 
[1,2-b:4,5-b']dithiophene (2c)  To a stirred solution of 
4,8-diethoxybenzo[1,2-b:4,5-b']dithiophene (2b) (216 
mg, 0.78 mmol) in CH2Cl2 (20 mL) under an argon at-
mosphere was added a CH2Cl2 (10 mL) solution of 
bromine (0.078 mL, 1.64 mmol) by a constant pressure 
funnel under ice-bath, the mixture was reacted for 1－2 
h at room temperature. The reaction mixture was ex-
tracted with diethyl ether three times and washed with 
sodium hydrogen sulfite. The combined organic layer 
was dried with anhydrous sodium sulfate. The filtrate 
was evaporated under reduced pressure and purified by 
silica gel column chromatography (CH2Cl2/petroleum 
ether, V∶V＝1∶4) to give a white solid (152 mg, 45%). 
1H NMR (400 MHz, CDCl3) δ: 1.46 (t, J＝7.2 Hz, 6H, 
CH3), 4.28 (q, J＝6.8 Hz, 4H, OCH2), 7.44 (s, 2H); 13C 
NMR (100 MHz, CDCl3) δ: 16.04 (CH3), 69.68 (OCH2), 
115.02, 123.12, 131.04, 131.37, 142.26. 

Preparation of 2,6-dibromo-4,8-didodecyloxy- 
benzo[1,2-b:4,5-b']dithiophene (3c)  The procedure 
of 3c was similar to that of 2c. 4,8-Didodecyloxy-
benzo[1,2-b:4,5-b']dithiophene (3b) (2.20 g, 3.9 mmol), 
Br2 (8.2 mmol, 0.4 mL), CH2Cl2 (100 mL). Yield 1.69 g 
(60%) of a white solid. 1H NMR (400 MHz, CDCl3) δ: 
0.88 (t, J＝6.8 Hz, 6H, CH3), 1.16－1.44 (m, 36H, CH2), 
1.46－1.61 (m, 4H, CH2), 4.17 (q, J＝6.4 Hz, 4H, 
OCH2). 7.42 (s, 2H, thiophene-H); 13C NMR (100 MHz, 
CDCl3) δ: 14.16 (CH3), 22.70, 25.95, 29.37, 29.60, 
29.64, 30.40, 31.92, 74.16 (OCH2), 114.95, 123.09, 
130.85, 131.13, 142.49. 

Preparation of 2,6-bis(trimethylsilylethynyl)-4,8- 
diethoxybenzo[1,2-b:4,5-b']dithiophene (2d)  To a 
stirred solution of 2,6-dibromo-4,8-diethoxybenzo- 
[1,2-b:4,5-b']dithiophene (2c) (370 mg, 0.85 mmol), CuI 
(16 mg, 0.085 mmol), and Pd(PPh3)4 (98 mg, 0.085 
mmol) in triethylamine (15 mL) and THF (25 mL) un-
der an argon atmosphere was added (trimethylsilyl)-
acetylene (0.48 mL, 3.39 mmol), and the mixture was 
refluxed at 60 ℃ for 24 h. The cold solution was fil-
tered through a bed of Celite. The filtrate was evapo-
rated under reduced pressure and purified by silica gel 
column chromatography (CH2Cl2/petroleum ether, V∶V
＝1∶2) to give a white solid (180 mg, 45%). 1H NMR 

(400 MHz, CDCl3) δ: 0.28 (s, 18H, SiMe3), 1.46 (t, J＝
7.2 Hz, 6H, CH3), 4.30 (q, J＝7.2 Hz, 4H, CH2), 7.58 (s, 
2H); 13C NMR (100 MHz, CDCl3) δ: 0.25 (SiMe3), 
14.20 (CH3), 73.25 (OCH2), 97.89 (C≡C), 102.15 (C≡
C), 122.78, 124.90, 130.24, 130.96, 144.17. 

Preparation of 2,6-bis(trimethylsilylethynyl)-4,8- 
didodecyloxybenzo[1,2-b:4,5-b']dithiophene (3d)  
The procedure of 3d was similar to that of 2d. 2,6- 
Dibromo-4,8-didodecyloxybenzo[1,2-b:4,5-b']dithio- 
phene (3c) (200 mg, 0.28 mmol), Pd(PPh3)4 (32 mg, 
0.028 mmol), CuI (5 mg, 0.028 mmol), (trimethylsi-
lyl)acetylene (0.36 mL, 2.8 mmol), THF (20 mL), Et3N 
(15 mL). Yield: 168 mg (80%) of a white solid. 1H 
NMR (400 MHz, CDCl3) δ: 0.29 (s, 18H, SiMe3), 0.88 
(t, J＝6.8 Hz, 6H, CH3), 1.10－1.42 (m, 32H, CH2), 
1.46－1.52 (m, 4H, CH2), 1.82－1.87 (m, 4H, CH2), 
4.21 (q, J＝6.8 Hz, 4H, OCH2), 7.57 (s, 2H, thio-
phene-H); 13C NMR (100 MHz, CDCl3) δ: 0.25 
(SiMe3), 14.14 (CH3), 22.69, 25.94, 29.42, 29.64, 30.45, 
31.92, 74.14 (OCH2), 97.96 (C≡C), 101.63 (C≡C), 
122.82, 125.96, 130.17, 131.74, 143.81. 

Preparation of bimetal ruthenium acetylide com-
plexes 1－3 

Preparation of 1  A solution of Cp*(dppe)RuCl 
(341 mg, 0.51 mmol), 2,6-bis(trimethylsilylethynyl)- 
1,5-dithia-s-indacene-4,8-dione (1b) (100 mg, 0.24 
mmol), and KF (168 mg, 2.90 mmol) in 20 mL CH3OH 
and 5 mL THF was heated to reflux under nitrogen at-
mosphere for 24 h. The crude product was collected by 
filtration, washed with methanol and hexane. The solid 
was dissolved in dichloromethane and precipitated from 
slow diffusion with hexane. The solid was filtered and 
dried to give 1 as an atrovirens solid (216 mg, 55%). 1H 
NMR (400 MHz, CDCl3) δ: 1.54 (s, 30H, 2C5(CH3)5), 
2.07 (br, 4H, CH2/dppe), 2.63 (br, 4H, CH2/dppe), 6.65 (s, 
2H), 7.20－ 7.37 (m, 32H, HAr/dppe), 7.66 (br, 8H, 
HAr/dppe); 

13C NMR (100 MHz, CDCl3) δ: 9.90 (CH3), 
29.34 (t, J＝22.90 Hz, CH2/dppe), 93.61 (C/C5Me5), 
106.71 (s, thiophene-C ≡ C), 123.59(Ru-C ≡ CH), 
127.57, 129.21, 129.34, 133.19, 135.82, 136.31, 137.84, 
138.18, 140.80, 145.03, 159.00, 174.28 (C＝O); 31P 
NMR (160 MHz, CDCl3) δ: 79.09 (dppe). Anal. calcd 
for C92H98O2P4Ru2S2: C 67.96, H 6.08; found C 67.91, 
H 6.12. 

Preparation of 2  The procedure of 2 was similar 
to that of 1. Cp*(dppe)RuCl (388 mg, 0.58 mmol), 2,6- 
bis(trimethylsilylethynyl)-4,8-diethoxybenzo[1,2-b:4,5- 
b']dithiophene (2d) (130 mg, 0.28 mmol), KF (192 mg, 
3.31 mmol), CH3OH (20 mL), THF (5 mL). Yield: 279 
mg (60%) of a brown solid. 1H NMR (400 MHz, CDCl3) 
δ: 1.46 (t, J＝7.2 Hz, 6H, CH2CH3), 1.56 (s, 30H, 
2C5(CH3)5), 2.06 (br, 4H, CH2/dppe), 2.69 (br, 4H, 
CH2/dppe), 4.17 (q, J＝6.4 Hz, 4H, OCH2), 6.50 (s, 2H), 
7.23－7.38 (m, 32H, HAr/dppe), 7.77 (br, 8H, HAr/dppe); 
13C NMR (100 MHz, CDCl3) δ: 10.04 (Cp*-CH3), 29.50 
(m, CH2/dppe), 68.46 (OCH2), 92.90 (C/C5Me5), 103.29 
(s, thiophene-C≡C), 116.32 (Ru-C≡CH), 127.41, 
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128.40, 128.94, 131.50, 133.21, 133.57, 136.30, 136.79, 
138.64, 141.30, 142.60; 31P NMR (160 MHz, CDCl3) δ: 
79.00 (dppe). Anal. calcd for C96H108O2P4Ru2S2: C 
68.47, H 6.46; found C 68.57, H 6.30. 

Preparation of 3  The procedure of 3 was similar 
to that of 1. Cp*(dppe)RuCl (244 mg, 0.36 mmol), 2,6- 
bis(trimethylsilylethynyl)-4,8-didodecyloxybenzo[1,2-b:
4,5-b']dithiophene (3d) (130 mg, 0.17 mmol), KF (121 
mg, 2.07 mmol), CH3OH (20 mL), THF (5 mL). Yield: 
231 mg (68%) of a brownish black solid. 1H NMR (400 
MHz, CDCl3) δ: 0.86 (t, J＝6.8 Hz, 6H, CH3), 1.20－
1.35 (m, 32H, CH2), 1.37－1.47 (m, 4H, CH2), 1.78－
1.92 (m, 4H, CH2), 2.07 (br, 4H, CH2/dppe), 2.65 (br, 4H, 
CH2/dppe), 4.08 (q, J＝6.8 Hz, 4H, OCH2), 6.52 (s, 2H, 
thiophene-H), 7.24—7.40 (m, 32H, HAr/dppe), 7.78 (br, 
8H, HAr/dppe); 

13C NMR (100 MHz, CDCl3) δ: 10.00 
(Cp*-CH3), 14.14 (CH3), 22.68, 26.23, 29.38, 29.76, 
30.62, 30.94, 31.91, 73.08 (OCH2), 92.86 (C/C5Me5), 
103.20 (thiophene-C≡C), 116.29 (Ru-C≡C), 127.40, 
128.20, 128.96, 129.36, 131.31, 133.20, 133.57, 136.27, 
136.76, 138.24, 138.58, 141.53, 142.28; 31P NMR (160 
MHz, CDCl3) δ: 79.04 (dppe). Anal. calcd for 
C116H148O2P4Ru2S2: C 70.92, H 7.59; found C 70.88, H

7.70. 

Results and Discussion 

Syntheses and characterization 

The general synthetic routes for the preparation of 
intermediate compounds 1b, 2d and 3d and bimetal ru-
thenium acetylide complexes 1－ 3 are outlined in 
Schemes 1, 2. Precursor molecules 1b, 2d and 3d were 
prepared by the previously reported methods.[22-24] Sub-
sequently, the TMS termini of compounds 1b, 2d and 
3d were deprotected in methanolic KF solution and not 
separated further, and reacted with [RuCl(dppe)Cp*] in 
one pot at 60 ℃.[8] Complexes 1－3 were synthesized 
in moderate yields, and the structures were character-
ized by NMR (1H, 13C and 31P). Notable close proton 
resonance signals from dppe (δ 2.07 and 2.69) and 
C5Me5 (δ 1.55) and very similar shifts of 31P resonance 
signal (δ 79) of dppe were found in respective 1H and 
31P NMR spectra of complexes 1－3. 13C NMR spectra 
show that the shifts (δ 103.29 and 116.32) of the acety-
lenic carbon atoms of 1 differ from those of complexes 
2 and 3. 

Scheme 1  Synthetic route for the preparation of intermediate compounds 1b, 2d and 3d 

 

Scheme 2  Synthetic route for the preparation of target complexes 1－3 
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Electrochemical studies 

In order to understand the redox properties of com-
plexes 1－3 with the identical metal redox-active ter-
minal group “Cp*(dppe)RuC≡C－” and bridge ligands 
of different electronic properties, electrochemistry was 
explored by anodic cyclic voltammogram (CV) and 
square-wave voltammograms (SWV) in dry CH2Cl2/0.1 
mol•L1 Bu4NPF6 to investigate their redox processes 
and electronic coupling properties (Figure 1 and Table 
1). Complexes 1－3 display two reversible redox events 
between −0.4 and 0.4 V (Figures 1a and 1b) with redox 
separations (ΔE1/2＝E1/2

(2)E1/2
(1)) of 96 mV (1), 140 

mV (2) and 143 mV (3), respectively, which indicates 
different charge delocalization degree over the molecule 
framework under the same external conditions (i.e., 
solvent, supporting electrolyte, sample concentration, 
temperature and so on). Furthermore, additional elec-
trode processes at higher E are only seen for complexes 
2 and 3 rather than for 1 in Figure 1 (0.6－1.0 V), which 
may be likely attributable to electrochemical behavior 
from thiophene rings of bridge ligands.[25] 

 

Figure 1  (a) Cyclic voltammograms (CV) of complexes 1－3 
in CH2Cl2/Bu4NPF6 at ν＝101 V•s1 and (b) anodic square-wave 
voltammograms (SWV) of complexes 1－3 at f＝10 Hz. 

Viewing from the electrochemical data, complex 1 
with an electron deficient and less well-conjugated 
bridge (cross-conjugation) exhibits an evidently larger 
half-wave potential than that of the reported complex 
4,[21] and smaller ΔE1/2 value. However, complexes 2 
and 3 with alkoxyl groups are derived from reported 
complex 4, in which the half-wave potentials and ΔE1/2  

Table 1  Electrochemical data for complexes 1－3a 

Complex E1/2
(1)/V E1/2

(2)/V ΔE1/2
b/mV 

1 0.110 0.206 96 

2 0.115 0.025 140 

3 0.102 0.041 143 

4[21] 0.124 0.016 140 
a Anodic potentials in Volt vs. Fc/Fc＋ obtained from cyclic 
voltammograms recorded at 298 K in dichloromethane/101 
mol•L1 Bu4NPF6. Additional electrochemical processes observed 
at higher electrode potentials were not listed further. b ΔE1/2＝

E1/2
(2)E1/2

(1) denotes the potential difference between the two 
reversible anodic processes. 

value slightly increase compared with complex 4. The 
electrochemical behavior of complexes 2 and 3 is iden-
tical with very minor potential shifts resulting from the 
different alkoxy substituents. These results reveal that 
electronic effect and conjugative degree influence the 
redox potential value and the charge transfer abilities of 
bridge ligands. Generally speaking, bridge ligands of 
more electron-rich and better conjugated bridge ligands 
improve the charge delocalization, whereas the length of 
substituent chains in bridge ligands only displays mini-
mal effect. 

IR spectroelectrochemical studies 

IR spectra have been used to explore structural 
changes on the bridge ligands, which contain the char-
acteristic groups (C≡C) in complexes 1－3. Guided by 
the cyclic voltammetry results, we carried out IR spec-
troelectrochemical investigation on diruthenium ethynyl 
complexes 1n＋－3n＋(n＝0, 1, 2) electrochemically gen-
erated in CH2Cl2/101 mol•L1 Bu4NPF6 within OTTLE 
cell. Figure 2 illustrates the spectral curve in the IR  
ν(C≡C) regions for complexes 1n＋(n＝0 (solid), 1 
(broken), 2 (dotted)), and IR spectral change processes 
in the ν(C≡C) region recorded during the oxidation 
2→2＋→22＋ and 3→3＋→32＋ are exhibited in Figure 3 
and Figure S1 (Supporting Information), respectively. 

 
Figure 2  Spectral changes in the IR ν(C≡C) regions recorded 
for complexes 1n＋ (n＝0 (solid), 1 (broken), 2 (dotted)) electro-
chemically generated in CH2Cl2/101 mol•L1 Bu4NPF6 at 298 K 
within an OTTLE cell. 
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Figure 3  IR spectra changes in ν(C≡C) region recorded during 
the oxidation 2→2＋ (a) and 2＋→22＋ (b) in CH2Cl2/101 mol•L1 
n-Bu4NPF6 at 298 K within an OTTLE cell. 

Complex 1 with electron-deficient bridge ligands 
and poor conjugation (cross-conjugation), exhibits the 
IR ν(C≡C) absorption at lower energy band (2023 cm1) 
than 2, 3 (2043 cm1). The absorption at 2023 cm−1 de-
creased along with appearance of two other weak bands 
at 1974 and 1909 cm−1 (Table 2), indicating that the 
charge is located in a C≡C band from the bridge ligand. 
IR spectral changes in the redox process from complex-
es 2 and 3 that adhered to alkoxy chains are similar to 
that of complex 4. Only the ν(C≡C) absorptions of sin-
gly oxidized states 2＋ and 3＋ exhibit a low-energy 
shift (2＋ and 3＋: 1984 cm−1, 1941 cm−1), showing larg-
er ν(C≡C) absorption shift (Δν＝102 cm−1). These re-
sults reveal that electron-rich bridge ligands are favora-
ble for charge delocalization. With the continuous oxi-
dation of monocations with respect to dications, com-
plex 12＋ exhibits two weak absorptions at 1972 and 
1902 cm−1, while complexes 22＋ and 32＋ both show a 
weak absorption at around 1917 cm−1. These changes 
from complexes 2－4 feature the IR spectral character-
istics of analogous diruthenium ethynyl complexes 

Table 2  Spectroelectrochemically determined ν(C≡C) wave-
numbers (cm1) for 1n＋－3n＋(n＝0, 1, 2) 

Complex Freq. n＝0 n＝1 n＝2 

1n＋ ν(C≡C) 2023 (s) 
2022 (s), 1974 (w), 

1909 (w) 

1972 (w), 

1902 (w)

2n＋ ν(C≡C) 2043 (s) 1984 (s), 1941 (vs) 1917 (w)

3n＋ ν(C≡C) 2043 (s) 1984 (s), 1941 (vs) 1918 (w)

bridged by conjugating highly electron-rich lig-
ands.[8,19,21] 

UV-vis-NIR spectroelectrochemical studies 

Further UV-vis-NIR spectroelectrochemical experi-
ments are carried out by using an OTTLE cell in 
CH2Cl2/101 mol•L1 n-Bu4NPF6 at 298 K to gain deep-
er insight into the redox processes of complexes 1－3. 
UV-vis-NIR spectra of complexes [1]n＋ (n＝0, 1, 2) 
were recorded between 250 and 2000 nm, which is dis-
played in Figure 4 and corresponding spectral traces 
recorded throughout the electrolysis process from 1→1＋

→12＋ are shown in Figure S3 (Supporting Information), 
and the UV-vis-NIR spectral changes for reversibly oxi-
dized complexes 2 and 3 are shown in Figures 5 and S2 
(Supporting Information), respectively. The characteris-
tic electron absorption spectra data are presented in Ta-
ble 3. 

Table 3  UV-vis-NIR absorption data for 1n＋－3n＋(n＝0, 1, 2) 

Complex 
UV/vis/NIR absorption λmax/nm 
(104 εmax/(dm3•mol1•cm1)) 

1 403 (4.23), 665 (1.61) 

1＋ 389 (2.18), 733 (0.82) 

12＋ 328 (2.89), 733 (0.46) 

2 435 (6.54) 

2＋ 435 (1.72), 650 (2.13), 2131 (1.81) 

22＋ 920 (2.74) 

3 435 (6.59) 

3＋ 441 (1.64), 655 (1.88), 2134 (1.56) 

32＋ 570 (0.90), 919 (2.99) 

 
Neutral complexes 1－3 displayed intense absorp-

tions between 400 nm and 450 nm in the UV-vis region 
which are based on ligand-centered π → π* transitions, 
while complex 1 also exhibited another absorption at 
665 nm, which may be assigned to MLCT transition. 
Upon gradual oxidation to 1＋

－3＋, the intense UV ab-
sorptions of the neutral molecules decreased gradually 
in amplitude. The singly oxidized state 1＋ is character-
ized by spectral changes with a bathochromic shift 
moderately at around 665 nm, and does not show any 
absorptions in the NIR range (Figure 4). This phenom-
enon further proved that the bridge ligand of complex 1 
has poor charge delocalization ability. In addition, a so-
lution of 1＋  necessarily contains some 1 and 12 ＋ 
formed in a disproportionation equilibrium because of a 
half-wave potential separation of only 96 mV in 1 (Ta-
ble 1). Therefore, the lack of an NIR band for 1＋ may 
be caused by instability and poor charge delocalization 
of singly oxidized state 1＋. For 2＋ and 3＋, a moderately 
intense broad band appeared in the visible region around 
650 nm along with the occurrence of a broad 
near-infrared absorption between 1200 nm and 3000 nm 
(Figure 5). The two bands are attributed respectively to 
LMCT and MLCT transitions on the basis of TDDFT 
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calculations (see below). The broad absorption bands of 
monocations 2＋ and 3＋ may be deconvoluted into the 
sum of several Gaussian-shaped sub-bands by reports 
about similar diruthenium ethynyl complexes,[8,26,27] 
which are caused by different orbital transitions. How-
ever, Kaupp and Low et al.[28-30] have performed various 
experiments and theoretical calculations, and concluded 
that the broad NIR absorptions are due to overlapping 
transitions of several rotamers coexisiting in equilibri-
um. 

 

Figure 4  The UV-vis-NIR spectra of [1]n＋ (n＝0, 1, 2) col-
lected by in situ oxidation of 1 in dichloromethane at 293 K 
within an OTTLE cell. 

 

Figure 5  UV-vis-NIR spectral changes recorded during the 
oxidation 2→2＋ (a) and 2＋→22＋ (b) in CH2Cl2/101 mol/L 
n-Bu4NPF6 at 298 K within an OTTLE cell. 

With further oxidation to dicationic 12＋－32＋, a new 
strong absorption band appeared in a visible region be-
tween 700 nm and 1000 nm for 22＋ and 32＋, respec-
tively. The analysis shows that the spectroscopic chang-
es of complexes 2 and 3 during the redox processes are 
similar to that of benzo[1,2-b;4,5-b']dithiophene 
ethynyl-bridged diruthenium complex 4.[21] During the 
formation of complex 12＋, the relative absorptions at 
389 and 733 nm decrease to a minimum level. 

DFT and TDDFT calculations 

In order to shed light on the electronic characters of 
monocations 1＋ and 2＋, density functional theory (DFT) 
calculations were performed on model complexes [1-  
H]＋ and [2-H]＋ according to previous studies on simi-
lar systems[8, 26] on the level of theory of B3LYP/3-21G*, 
where “-H” indicated that η5-C5Me5 (Cp*) and dppe 
were replaced by η5-C5H5 (Cp) and two PH3 ligands. 
The selected frontier orbitals of [1-H]＋ and [2-H]＋ are 
shown in Figure 6. Lists of corresponding frontier mo-
lecular orbital energies and compositions from Mulliken 
analysis are provided in Tables S1－S2 (Supporting 
Information), respectively. The β-LUSO and α-LUSO 
orbitals of [1-H]＋ and [2-H]＋ displayed certain simi-
larity and are delocalized over the whole molecule skel-
eton with larger proportions from conjugated bridge 
moieties ([1-H]＋: 66%; [2-H]＋: 78%) and smaller con-
tributions from ruthenium end groups ([1-H]＋: 34%; 
[2-H]＋: 22%). In comparison, [2-H]＋ bridged by ben-
zo[1,2-b;4,5-b']dithiophene derivative displays larger 
bridge ligand character, which revealed the excellent 
charge delocalization of substituted benzo[1,2-b;4,5- 
bʹ]dithiophene. This can also be clearly proved by the 
spin density distribution in Figure 7, where the contri-
butions of the bis(ethynyl) substituted bridging ligand 
dominate largely over those of the metal termini. 

Time-dependent DFT (TDDFT) calculations were 
performed at the level of B3LYP/3-21G* on the sin-
gly-oxidized species [1-H]＋ and [2-H]＋ to aid in the 
assignment of the spectra of complexes 1＋and 2＋. The 
details for major electronic excitations of sin-
gly-oxidized [1-H]＋ and [2-H]＋ are delineated in Table 
4, and the corresponding isosurface plots of molecular 
orbitals involved in the major electronic excitations are 
depicted in Figure S4 (Supporting Information). For 
complex [1-H]＋, the results from TDDFT calculations 
show that the two absorptions in the UV-vis region most 
likely have large contributions from α-HOSO-1→α- 
LUSO and β-HOSO-10→β-LUSO, which are assigned 
to LMCT and M-C≡C→LCT transitions, respectively. 
However, the transition at 2387 nm predicted by 
TDDFT calculations was not matched by a close NIR 
absorption, which may be attributable to the instability 
of [1]＋. TD-DFT calculations with monocation [2-H]＋

reveal two high-energy transitions (507 nm: α- 
HOSO→α-LUSO; 525 nm: β-HOSO-7→β-LUSO) 
which have bridge π→π* and LMCT character re-
spectively. In addition, a low-energy (near-IR) excita-         
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Figure 6  Selected molecular orbitals of model complexes [1-H]＋and [2-H]＋ plotted with contour values ±0.04 (e/bohr3)1/2. 

 

Figure 7  Spin-density distributions in [1-H]＋and [2-H]＋ (Ru/CH≡CH/Bridge cores/CH≡CH/Ru) with the corresponding composi-
tions. Contour values: ±0.04 (e/bohr3)1/2. 

Table 4  Major electronic excitations of singly-oxidized [1-H]＋ and [2-H]＋ determined by TD-DFT methods 

Complex Energy/cm1 λ/nm f Major contribs Assignment 

[1-H]+ 

4189 2387 0.3203 β-HOSO→β-LUSO (100%) Bridge π→π* mixed with MLCT 

17316 578 0.3628 β-HOSO-10→β-LUSO (67%) LMCT 

18345 545 0.2713 α-HOSO-1→α-LUSO (55%) M-C≡C→LCT 

[2-H]+ 

8737 1145 0.6760 β-HOSO→β-LUSO (98%) M-C≡C→LCT 

19062 525 0.3628 β-HOSO-7→β-LUSO (82%) LMCT 

19720 507 0.7935 α-HOSO→α-LUSO (75%) Bridge π→π* 

 
tion arising from the β-HOSO→β-LUSO transition at 
1145nm was found, which can be likely responsible for 
the lower energy broad absorption band observed in the 
experimental spectra and feature larger M-C≡C→LCT 
character. However, numerous studies have been 
conducted by Kaupp, Low and Liu et al., which have 
proven that similar broad NIR absorptions are 
composed of several sub-bands caused by different 
rotameric forms.[19,21,28-30] 

Conclusions 

Dinuclear ruthenium complexes 1－3 bridged by 
1,5-dithia-s-indacene-4,8-dione, 4,8-diethoxybenzo[1,2- 
b:4,5-b']dithiophene and 4,8-didodecyloxybenzo[1,2-b: 
4,5-b']dithiophene ligands were prepared and character-
ized using NMR and elemental analysis. Redox and 
electronic properties of complexes 1－3 were investi- 

gated by cyclic voltammetry, square-wave voltammo-
grams and spectroelectrochemical methods. Redox po-
tential separations (ΔE) of 96 mV (1), 140 mV (2) and 
143 mV (3) have been observed, and suggest weaker 
charge delocalization in complex 1 than those of com-
plexes 2 and 3. Stepwise spectroelectrochemical oxida-
tion of 1―3 produced spectroscopic signatures of singly 
oxidized species [1]＋―[3]＋. Furthermore, IR spectroe-
lectrochemical results revealed larger ν(C≡C) absorp-
tion separation (Δν＝102 cm1) from neutral states to 
monocations for complexes 2 and 3, and no ν(C≡C) 
shifts at 1→1＋. In addition, only for 2＋ and 3＋, a broad 
near-infrared absorption between 1200 nm and 3000 nm 
was recorded, which was assigned by TDDFT calcula-
tions. Above results concluded that [1,2-b:4,5-b']di-
thiophene derivatives bridged diruthenium complexes 2 
and 3 exhibit more excellent charge delocalization abili-
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ties than complex 1, and further strengthened the evi-
dence linking bridge ligands properties with redox and 
electronic coupling. 
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