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Experimental 

Benzaldehyde, 4-(dimethylamino)benzaldehyde, thiophene-2-carbaldehyde, 2,2'-bithiophene-5-

carbaldehyde, potassium bromate, sulfuric acid, ammonium acetate, glacial acetic acid, cis-bis(2,2-

bipyridine)dichlororuthenium (II) hydrate, tetrabutylammonium perchlorate (TBAP) (Fluka) were 

commercially available and were used without further purification. Phenantoline-5,6-dione and 1,4-

dimethylpyridin-1-ium iodide were prepared as described elsewhere [1,2] respectively. Anhydrous 

acetonitrile (MeCN) and dimethylformamide (DMF) for electrochemical measurements were 

electronic grade purity and were used as received. Spectroscopic grade MeCN was used for recording 

of the absorption spectra. 

1
H and 

13
C (APT method) NMR spectra were recorded on a Bruker AVANCE-400 and Avance-500 

spectrometers. The chemical shifts and spin-spin coupling constants were determined with accuracy 

of 0.01 ppm and 0.1 Hz, respectively. Two-dimensional techniques HMQC, HMBC and COSY were 

used for the assignment of signals in the spectra.  

LDI-TOF mass spectra were collected with Bruker Autoflex II instrument, samples were irradiated 

with nitrogen laser (l = 337 nm). Isotopic patterns were calculated with IsotopeViewer 2000. 

Elemental analysis was performed in the A.N. Nesmeyanov Institute of Organoelement Compounds 

of Russian Academy of Sciences. 

Synthesis of ligands, general procedure 

Synthesis of 2-substituted-1H-imidazo[4,5-f][1,10]phenantrolines 1-4 were carried out as described 

in [3]. The synthetic procedure includes the condensation of phenathroline-5,6-dione with 

corresponding aldehyde in a solution of glacial acetic acid in the presence of ammonium acetate for 

4-8 hours at reflux. After the reaction was completed an aqueous solution of NH4OH was added to 

pH ~ 8. The precipitate formed was filtered on a glass porous filter, washed with water and diethyl 

ether. The physicochemical characteristics of the compounds 1-4 are described in [4] (3,4) [5] (1) [6] 

(2).  

Synthesis of complexes, general procedure 

Synthesis of heteroleptic complexes 5-8 were carried out as described earlier [7] A solution of the 

corresponding 1H-imidazo [4,5-f] [1,10] phenanthroline derivative and cis-bis(2,2-

bipyridine)dichlororuthenium (II) hydrate in absolute ethanol was placed in a tube, degassed 3 times 

and filled with argon. The tube was sealed and kept at 80°C for 8 hours. Next, the tube was opened 

and the solvent was evaporated on a rotary evaporator. The resulting crude product was purified by 

column chromatography on alumina, eluent – a mixture of benzene:methanol in a ratio of 10:1. The 

physicochemical characteristics of the compounds 5-7 are described in [8] (5) [9] (6) [10] (7). The 

structure of novel compound 8 was confirmed by 
1
Н, 

13
С NMR spectroscopy, elemental analysis and 

mass-spectrometry methods (Figs. S2-S6 in Supporting Information (SI)) 
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Figure S1. Structure of the bis(2,2’-bipyridin-k
2
N

1
,N

1’
)[2-2,2’-bithiophen-5-yl)-1H-imidazo[4,5-

f][1,10]phenanthroline-k
2
N

7
,N

8
]ruthenium dichloride. 

Following the general procedure, from 2-(2,2'-bithiophen-5-yl)-1H-imidazo[4,5-f][1,10] 

phenanthroline (4) (0.21 mmol, 80 mg) and cis-bis(2,2-bipyridine)dichlororuthenium (II) hydrate 

(0.21 mmol, 100 mg) in 6.5 ml of absolute ethanol 74 mg of an orange precipitate were obtained after 

the purification by column chromatography (benzene : methanol=10:1 on alumina) The yield is 41%. 

1
H NMR (methanol-d4, δ; ppm, J/Hz): 7.08 (t, 1Н, 

3
J = 4.3, Th(4’)), 7.22 (d, 1Н, 

3
J = 3.8, Th(3')), 

7.26 (d, 1Н, 
3
J =3.5, Th(3)), 7.37 (m, 3Н, Th(5’), bpy(5’)), 7.57 (t, 2Н, 

3
J =6.6, bpy(5)), 7.71 (dd, 2Н, 

3
J = 5.3, 

3
J = 8.2, ImPh(5,10)), 7.74 (d, 2Н, 

3
J =5.7, bpy(6’)), 7,81 (d, 1Н, 

3
J =3.7, Th(4)), 7.97 (m, 

4Н, ImPh(6,9), bpy(6)), 8.07 (t, 2Н, 
3
J =7.9, bpy(4’)), 8.18 (t, 2Н, 

3
J =7.9, bpy(4)), 8.74 (d, 2Н, 

3
J 

=8.1, bpy(3')), 8.77 (d, 2Н, 
3
J =8,2, bpy(3)), 8.99 (d, 2Н, 

3
J =8.2, ImPh(4,11)). 

13
C NMR APT (methanol-d4, δ; ppm): [CH]: 123.63 (Th(3’)), 123.99 (Th (3)), 124.07 (bpy(3’)), 

124.12 (bpy(3)), 124.61 (Th(5’)), 124.90 (ImPh(5,10)), 126.21 (Th(4)), 127.39 (bpy(5’)), 127.41 

(bpy(5)), 127.70 (Th(4’)), 130.25 (ImPh(4,11)), 137.53 (bpy(4’)), 137.65 (bpy(4)), 147.84 

(ImPh(6,9)), 151.30 (bpy(6’)), 151.36 (bpy(6)). [C]: 125.00 (ImPh(3b,11a)), 135.33 (Th(5)), 135.94 

(ImPh(3a,11b)), 136.77 (Th(2’)), 138.05 (Th(2)), 144.60 (ImPh(7a,7b)), 154.01 (ImPh(2)), 157.16 

(bpy(2’)), 157.40 (bpy(2)).  

MALDI-MS m/z: 398.3 [M-2Cl]
2+

. 

Calculated for С41H28Cl2N8RuS2 (%): С, 56.68; Н, 3.25; N, 12.90; Ru, 11.63, found (%): С, 56.78 Н, 

3.24; N, 12.98; Ru, 11.56. 
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Figure S2. 
1
Н NMR-spectra of 8 in CD3OD, Bruker 400 MHz 

 

 

Figure S3. 
13

C NMR-spectra of 8 in CD3OD, Bruker 400 MHz 

 

Figure S4. HMQC NMR-spectra of 8 in CD3OD, Bruker 400 MHz 



 

Figure S5. HMBC NMR-spectra of 8 in CD3OD, Bruker 400 MHz 

 

Figure S6. COSY NMR-spectra of 8 in CD3OD, Bruker 400 MHz 
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Photophysical properties 

200 300 400 500

0

20000

40000

1

3

2

M
o

la
r 

a
tt

e
n

u
a

ti
o

n
 c

o
e

ff
ic

ie
n

t

Wavelength (nm)

4

 

Figure S7. Electronic absorption spectra of 1-4 in acetonitrile, C6-10=2*10
-5
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Figure S8. Normalized emission spectrum of 5 in methanol, λex = 450 nm. 
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Figure S9. Normalized emission spectrum of 6 in methanol, λex = 450 nm. 
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Figure S10. Normalized emission spectrum of 7 in methanol, λex = 450 nm. 
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Figure S11. Normalized emission spectrum of 8 in methanol, λex = 450 nm. 

 



Emission decay curves for solutions 
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Figure S12. Time-resolved decay of 5 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in air-saturated methanol, and the best monoexponential fit of luminescence decay (2, red) in 

log scale. T1 – luminescence lifetime. 
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Figure S13. Time-resolved decay of 5 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in degassed methanol, and the best monoexponential fit of luminescence decay (2, red) in log 

scale. T1 – luminescence lifetime. 
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Figure S14. Time-resolved decay of 6 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in air-saturated methanol, and the best monoexponential fit of luminescence decay (2, red) in 

log scale. T1 – luminescence lifetime. 
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Figure S15. Time-resolved decay of 6 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in degassed methanol, and the best biexponential fit of luminescence decay (2, red) in log 

scale. T1, T2 – luminescence lifetimes. 
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Figure S16. Time-resolved decay of 7 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in air-saturated methanol, and the best biexponential fit of luminescence decay (2, red) in log 

scale. T1, T2 – luminescence lifetimes. 
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Figure S17. Time-resolved decay of 7 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in degassed methanol, and the best biexponential fit of luminescence decay (2, red) in log 



scale. T1, T2 – luminescence lifetimes. 
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Figure S18. Time-resolved decay of 8 emission (λexc = 450 nm, emission range: 550-700 nm, 1, 

black) in air-saturated methanol, and the best monoexponential fit of luminescence decay (2, red) in 

log scale. T1 – luminescence lifetime. 

 

Emission decay curves for hybrid materials 
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Figure S19. Spectra of red-shifted components of different hybrid materials based on In2O3 (blue) 

and SnO2 (red) obtained from the luminescence decay maps by integrating the intensity over 

wavelengths in the period of 1.5–5 μs, when the short-lived luminescence has already ended 
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Figure S20. Time-resolved decay of emission of hybrid material 5-In2O3 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S21. Time-resolved decay of emission of hybrid material 5-SnO2 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S22. Time-resolved decay of emission of hybrid material 6-In2O3 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S23. Time-resolved decay of emission of hybrid material 6-SnO2 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S24. Time-resolved decay of emission of hybrid material 7-In2O3 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S25. Time-resolved decay of emission of hybrid material 7-SnO2 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S26. Time-resolved decay of emission of hybrid material 8-In2O3 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 
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Figure S27. Time-resolved decay of emission of hybrid material 8-SnO2 (λexc = 460 nm, emission 

range: 560-620 nm, 1, black) in the air, and the best biexponential fit of luminescence decay (2, red) 

in log scale. T1, T2 – luminescence lifetimes. 



Electrochemistry studies 

 

Figure S28. Cyclic voltammograms of 5 (a), 6 (b), 7 (c), 8 (d), obtained on GC electrode 

 

Figure S29. X-ray fluorescence maps of the distribution of elements on the surface of hybrid 
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materials based on complex 8 and semiconductor oxides In2O3 (left) and SnO2 (right) nanoparticles.  

 

Figure S30. Luminescence decay maps for unmodified SnO2 nanoparticles (left) and hybrid material 

5-SnO2 

 

Figure S31. Luminescence decay maps for unmodified In2O3 nanoparticles (left) and hybrid material 

5- In2O3 
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