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Interfacial charge-transfer transitions in the 

TiO2-benzenedithiol complex with Ti-S-C 

linkages 

Jun-ichi Fujisawa,* Ryuki Muroga and Minoru Hanaya 

Interfacial charge-transfer (ICT) transitions between organic materials and inorganic 

semiconductors are a new mechanism for light absorption by organic-semiconductor interfaces. 

ICT transitions cause one-step interfacial charge separation without loss of energy. This feature 

is potentially useful to realize efficient organic-inorganic hybrid solar cells. ICT transitions have 

been examined employing titanium dioxide (TiO2) nanoparticles chemisorbed with π-conjugated 

molecules via Ti-O-C linkages. Here, we report ICT transitions in the TiO2 and 1,2-benzenedithiol 

(BDT) complex with Ti-S-C linkages. BDT adsorbs on TiO2 by the bridging bidentate coordination 

of the sulfur atoms to surface titanium atoms. The TiO2-BDT complex shows ICT transitions 

fromthe BDT moiety to the conduction band of TiO2 in the visible region. The ICT transitions 

occur by orbital overplaps between the d orbitals of the surface titanium atoms and the π orbitals 

of the benzene ring. Our density-functional-theory (DFT) analysis reveals that the 3p valence 

orbitals of the sulfur bridging atoms contributes to more than 50% of the highest occupied 

molecular orbital (HOMO) and the 3d-3p(sulfur)-π interaction via the Ti-S-C linkage enhances 

the electronic mixing between the titanium atoms and benzene moiety as compared to the 3d-

2p(oxygen)-π via the Ti-O-C linkage. This result indicates the important role of the heavier-atom 

linkers for strong organic-inorganic electronic couplings. 

Introduction 

Interfacial electronic transitions between organic materials and 

inorganic semiconductors are a novel mechanism for light 

absorption by organic-semiconductor interfaces. In contrast to 

electronic transitions in materials, interfacial electronic 

transitions can generate photocarriers at the interface selectively, 

as illustrated in Fig. 1. There are two kinds of interfacial 

electronic transitions with and without charge-transfer nature.1 

The interfacial charge-transfer (ICT) transitions perform direct 

photoinduced charge separation without loss of energy between 

organic materials and inorganic semiconductors. This direct 

charge separation is potentially useful to eliminate the energy 

loss in conventional charge separation processes in organic-

inorganic hybrid solar cells for effcient photovoltaic 

conversions, as proposed in the literature.2,3 So far, ICT 

transitions have been investigated in several hybrid materials 

formed from TiO2 nanoparticles and π-conjugated molecules or 

polymers with Ti-O-C chemical linkages.4-6 In these hybrid 

materials, ICT transitions occur by orbital interactions between 

TiO2 and π-conjugated molecules via the Ti-O-C linkages. 

Therefore, the ICT transitions are governed by the linkage part.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1. Schematic pictures of two light absorption mechanisms. (a) light 

absorption in materials and (b) light absorption at interfaces between organic 

materials and inorganic semiconductors. 
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In this paper, we report ICT transitions in the TiO2 and 1,2-

benzenedithiol (BDT) complex with Ti-S-C linkages.7 

Methods 

Experimental 

1,2-benzenedithiol (BDT) was purchased from Sigma-Aldrich 

and used without further purification. The TiO2-BDT sample 

was prepared by immersing anatase TiO2 nanoparticles (P90, 

Aerosil) in the 10 mM BDT solution (solvent: acetonitrile) for 

ca. 24 hours at room temperature. Then, the TiO2-BDT sample 

was filtered and washed with acetonitrile and then vacuum-

dried. The TiO2 (blank) sample was prepared in the same 

manner without BDT. Absorption and diffuse reflectance 

spectra were measured by means of a UV-VIS-NIR 

spectrophotometer (V-670, JASCO). FT-IR spectra were 

measured by means of a FT-IR spectrometer (iS10, Nicolet) 

with a diamond ATR crystal. 

Electrochemical photovoltaic cells were fabricated by the 

following method. Mesoporous TiO2 electrodes (active area: 

4×4 mm2) were prepared by screen-printing of four kinds of 

TiO2 nanoparticle pastes, HT/SP, T/SP, D/SP, and R/SP 

(Solaronix SA Co.) with different particle sizes on F-doped 

SnO2 (FTO) transparent conducting glass substrates (Nippon 

Sheet Glass Co.) with sheet resistance of 10 Ω per square and 

sintering them at 773 K for 30 min. The sintered TiO2 

electrodes were treated by TiCl4 for improvement of electric 

contacts between nanoparticles and rinsed with deionized water 

and ethanol, then sintered at 773 K for 30 min again. The 

thickness of the TiO2 electrodes was set to ca. 18 µm. The TiO2 

electrodes were immersed in the 3.2 mM BDT solution 

(solvent: acetonitrile) at room temperature. Photovoltaic cells 

were fabricated using the TiO2-BDT electrode, a Pt-sputtered 

FTO glass counter electrode, I-/I3
-redox couple electrolyte (ca. 2 

M LiI, 0.025M I2 /acetonitrile), and a polymer spacer film 

(thickness: 30 µm, Surlyn®film). Incident photon-to-current 

conversion efficiency (IPCE) excitation spectra were measured 

by means of a Hypermonolight system (SM-250E, 

Bunkoukeiki) with a calibrated silicon photodiode (S1337, 

Bunkoukeiki). 

Computational 

For theoretical analyses, we constructed a model complex 

based on an anatase TiO2 nanocluster, [Ti12O20(OH)6(µ-S)2-

benzene] as a model complex of anatase TiO2 nanoparticles 

chemisorbed with BDT, as will be described later. The TiO2 

cluster was built using the reported X-ray experimental result8,9 

of bulk anatase TiO2. The optimized structure in vacuum was 

calculated with density functional theory (DFT)10 employing 

the B3LYP functional11 and 6-31G(d,p)12 basis set. In the 

calculation, the coordinates of all the titanium and oxygen 

atoms were frozen to those of anatase TiO2, maintaining the 

anatase structure. The vibrational and electronic excitation 

spectra of the optimized model complex in vacuum were 

calculated with DFT and time-dependent DFT (TD-DFT)13,  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. (a) Coloration of anatase TiO2 nanoparticles by addition of the colorless 

BDT solution and (b) diffuse reflectance spectra of TiO2 nanoparticles before 

(black dashed curve) and after (red curve) immersion in the BDT solution 

(solvent: acetonitrile) together with the absorption spectrum (blue curve) of the 

BDT solution. 

respectively, using the same functional and basis set. All the 

calculations were performed by using a Gaussian 09 software14. 

Total and partial densities of states were calculated by using a 

GaussSum software.15 

Results and discussion 

   As shown in Fig. 2(a), we observed that TiO2 nanoparticles 

become colored by the addition of the colorless BDT solution 

(solvent: acetonitrile) at room temperature. Fig. 2(b) shows the 

diffuse reflectance spectrum of TiO2 nanoparticles immersed in 

the BDT solution. TiO2 treated with BDT showed a broad 

absorption band in a longer wavelength region than the inter-

band absorption (λ ≲ 400 nm, Eg = 3.2 eV) of TiO2 and intra-

molecular absorption of BDT in the near UV region. The 

coloration and appearance of the broad absorption band suggest 

the complex formation between TiO2 and BDT. 

Fig. 3(a) shows FT-IR spectra of TiO2, BDT and the 

TiO2-BDT complex. The TiO2-BDT complex showed several 

broad and sharp vibrational peaks, as shown in Fig. 3(c). Three 

broad peaks were observed around 1458, 1550, and 1633 cm-1. 

Relatively sharp peaks were observed at 1263 (weak), 1437 

(strong), and 1567 cm-1 (weak). TiO2 nanoparticles (blank) 

exhibited three broad absorption bands at 1439, 1550, and 1637 

cm-1, as shown in Fig. 3(a). These bands are attributed to 
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bending vibrations of water molecules physisorbed on TiO2.
16 

As the broad bands are similar to those of the TiO2-BDT 

sample, the broad bands observed for TiO2-BDT are assigned to 

water molecules physisorbed on TiO2. On the other hand, BDT 

showed sharp C=C vibrational peaks at 1265 (weak), 1427 

(strong), 1452 (strong), 1560  (weak), and 1572 cm-1 (weak), as 

shown in Fig. 3(b). As these peaks well correspond to the sharp 

peaks in the TiO2-BDT complex, the three sharp peaks 

observed for TiO2-BDT are assigned to the C=C vibrational 

peaks of adsorbed BDT molecules. By the adsorption of BDT 

on TiO2, the double-peak structures in the highest and 

intermediate wavenumber regions for free BDT changed to a 

single peak structure and the relative intensity of the lowest 

wavenumber peak was considerably reduced. 

In order to theoretically analyze the adsorption structure 

of BDT on TiO2, we constructed a model complex based on an 

anatase TiO2 nanocluster [Ti12O20(OH)6(µ-S)2-benzene], in 

which BDT adsorbs on TiO2 via the bridging bidentate Ti-S-C 

coordination, as shown in Fig. 3(b). We examined the bridging 

bidentate Ti-S-C coordination as one of the possible adsorption 

structures.17 The optimized structure was calculated by DFT 

with freezing the coordinates of all the titanium and oxygen 

atoms to those of anatase TiO2 in order to maintain the anatase 

structure. As shown in Fig. 3(b), the Ti-S bond length was 

estimated to be 2.30 and 2.38 Å. The optimized Ti-S bond 

lengths are close to the reported values (2.35 – 2.46 Å)20 of the 

Ti-BDT complexes. 

Fig. 3(c) shows the calculated IR spectrum of the 

optimized [Ti12O20(OH)6(µ-S)2-benzene]. The calculated 

vibrational wavenumbers were corrected using the reported 

scaling factor of 0.9613 for the B3LYP functional and 6-31G(d) 

basis set.21 The model complex shows C=C vibrational peaks at 

1230 (weak), 1251 (weak), 1399 (weak), 1418 (strong), 1540 

(weak), and 1559 cm-1 (weak). The convoluted spectrum was 

obtained using Gaussian line-shapes with a full-width at a half 

maximum of 20 cm-1. This spectrum is in good agreement with 

the observed one, well reproducing the above-mentioned 

changes of the C=C vibrational peaks by the adsorption onto 

TiO2. This result suggests the validity of the bridging bidentate 

Ti-S-C coordination. 

We calculated a hundred of electronic excitations in the 

optimized structure of the model complex by TD-DFT, as 

shown in Fig. 4(a). The calculated spectrum was obtained by 

convoluting the line spectrum with Gaussian line-shapes 

tentatively assuming a full-width at a half maximum of 5000 

cm-1. The convoluted spectrum is in accordance with the 

observed diffuse reflectance spectrum. The calculation result 

indicates that a number of electronic excitations occur in the 

Fig. 3. (a) FT-IR spectra of TiO2 (blue), BDT (green) and TiO2-BDT (red) and (b) optimized structure and (c) calculated IR spectrum of [Ti12O20(OH)6(μ-S)2-benzene]. 

The calculated wavenumbers were corrected using a scaling factor of 0.9613. The spectrum was obtained by convoluting the line spectrum with Gaussian 

absorption line-shapes with a full-width at a half maximum of 20 cm
-1

. Gray: carbon, small white: hydrogen, red: oxygen, large white: titanium, and yellow: sulfur 

atom. 
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visible region. Fig. 4(b) shows total and partial densities of 

states (DOS) together with the electronic distributions of the 

highest occupied molecular orbital (HOMO) and lowest 

unoccupied molecular orbital (LUMO) of the model complex. 

The energy of the LUMO was estimated to be -4.41 eV. This 

energy is very close to the energy of the bottom (-4.0 - -4.3 

eV)22 of the conduction band of anatase TiO2. As shown by the 

partial DOS (blue dashed curve) of the titanium atoms, the 

unoccupied orbitals including the LUMO are distributed on the 

Ti atoms. As shown in Fig. 5, the LUMO and the second, third 

and forth lowest unoccupied orbitals (LUMO+1, LUMO+2 and 

LUMO+3, respectively) consist of the 3d orbitals of titanium 

atoms in the TiO2 cluster. Thus, the unoccupied orbitals 

correspond to the conduction band of TiO2. On the other hand, 

the HOMO is located at -6.29 eV much higher than the top (-

7.2 – 7.5 eV) of the valence band of anatase TiO2. As shown by 

the partial DOSs of the benzene ring (green dashed curve) and 

sulfur atoms (red dashed curve), the HOMO is the π orbital of 

BDT moiety weakly delocalized on the coordinated titanium 

atoms. As shown in Fig. 5, the second, third and forth lowest 

occupied orbitals (HOMO-1, HOMO-2 and HOMO-3, 

respectively) are also distributed on the BDT moiety 

delocalized on the TiO2 cluster. As many of the calculated 

excitations in the visible region are attributed to electronic 

transitions between these occupied and unoccupied orbitals, the 

observed broad absorption band in Fig. 4(a) is attributed to 

interfacial charge-transfer transitions from the BDT to the  

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Calculated electronic distributions (|isovalue| = 0.02) and energies of 

HOMO-3, HOMO-2, HOMO-1, HOMO, LUMO, LUMO+1, LUMO+2, and LUMO+3 

of [Ti12O20(OH)6(μ-S)2-benzene]. Green and brown isosurfaces stand for signs 

opposite in amplitude. 

conduction band of TiO2.  

The contribution ratios of the benzene ring and sulfur and 

titanium atoms to the HOMO in the model complex were 

calculated to be 28, 57, and 11%, respectively, as shown in Fig. 

4(b). This data indicates that the contribution of the 3p orbitals 

of the sulfur bridging atoms to the HOMO is much larger than 

that of the π orbital of the benzene moiety and the HOMO is 

delocalized on the titanium atoms via the sulfur atoms. For 

comparison, we carried out a similar DFT calculation of 

[Ti12O20(OH)6(µ-O)2-benzene] with Ti-O-C linkages. The  

Fig. 4. (a) Experimental absorption spectrum (red) of the TiO2-BDT complex and calculated electronic excitation spectrum (blue) of the model complex 

[Ti12O20(OH)6(μ-S)2-benzene] and (b) total and partial densities of states of [Ti12O20(OH)6(μ-S)2-benzene] together with electronic distributions (|isovalue| = 0.02) of 

the HOMO and LUMO. The calculated spectrum was obtained by convoluting the line spectrum with Gaussian absorption line-shapes with a full-width at a half 

maximum of 5000 cm
-1

. The total and partial densities of states were obtained with Gaussian line-shapes with a full-width at a half maximum of 0.3 eV.  Gray: 

carbon, small white: hydrogen, red: oxygen, large white: titanium, and yellow: sulfur atom. Green and brown isosurfaces stand for signs opposite in amplitude. 
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Fig. 6. Calculated contribution ratios of the benzene ring, bridging atoms and 

titanium atoms to HOMOs of (a) [Ti12O20(OH)6(μ-S)2-benzene] and (b) 

[Ti12O20(OH)6(μ-O)2-benzene] together with the electronic distributions 

(|isovalue| = 0.02). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Calculated electronic distributions (|isovalue| = 0.02) and energies of 

HOMOs of (a) BDT and (b) catechol together with the contribution ratios of the 

benzene ring and sulfur or oxygen atoms. Green and brown isosurfaces stand for 

signs opposite in amplitude. 

optimized structure was calculated similarly with freezing the 

coordinates of all the titanium and oxygen atoms to those of 

anatase TiO2. The contribution ratios of the benzene ring and 

bridging oxygen and titanium atoms to the HOMO were 

calculated to be 68, 20, and 6%, as shown in Fig. 6. The 

HOMO of [Ti12O20(OH)6(µ-O)2-benzene] is predominantly  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 8. Schematic picture of orbital interactions between TiO2 and a benzene ring 

via oxygen or sulfur bridging atoms. 

comprised of the π orbital of the benzene ring. Therefore, the 

wavefunction of HOMO is drastically changed by the sulfur 

bridging atoms. In addition, the ratio of the titanium atoms is 

considerably increased by the Ti-S-C bonds. This result 

indicates that the electronic hybridization is enhanced by the 

3d-3p(S)-π interaction as compared to the 3d-2p(O)-π 

interaction. Fig. 7 shows the electronic distributions and 

energies of HOMOs of BDT and catechol. The HOMO of BDT 

is lower in energy than that of catechol. On the other hand, the 

contribution of the sulfur atoms in BDT is 51% that is much 

larger than that (28%) of the oxygen atoms. From these results, 

it can be seen that the enhanced electronic coupling between 

TiO2 and a benzene ring is due to the 3pz orbitals of the sulfur 

atoms with the larger spatial extent than the 2pz orbitals of the 

oxygen atoms, as illustrated in Fig. 8. 

Finally, we examined photovoltaic properties of the ICT 

transitions in the TiO2-BDT complex. We fabricated 

electrochemical TiO2-BDT based photovoltaic cells according 

to the method described in the Experimental section, as shown 

in Fig. 9(a). Fig. 9(b) shows an excitation spectrum of IPCE of  

the photovoltaic cell measured without any applied voltage. 

Photocurrent conversion due to the ICT transitions was 

observed in the visible region with an onset around 800 nm. 

This energy (1.55 eV) is very close to that (1.42 eV) of the 

calculated lowest electronic excitation in Fig. 4(a). The IPCE 

maximum value is about 25%. The diffuse reflectance spectrum 

in Fig. 2(b) indicates that about 60% of incident photons at 450 

nm are not absorbed. The thickness (ca. 18 µm) of the TiO2 

photoanode is much lower than the sample (≳ ca. 1 mm) of the 

diffuse reflectance spectrum. For this reason, the lower IPCE 

values are considered to be due to the lower quantum efficiency 

of light absorption and the internal quantum efficiency is higher 

than 60%. This result indicates that injected electrons in TiO2 

due to the ICT transitions are effectively converted to current,  
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Fig. 9. (a) Structure of the electrochemical TiO2-BDT photovoltaic cell and (b) 

IPCE excitation spectra of photovoltaic cells based on TiO2-BDT (red solid curve) 

and TiO2 (blank) (blue dashed curve) anodes with iodide electrolyte. 

in contrast to the reported low internal quantum efficiency4(e) in 

the TiO2-catechol complex. The enhancement in the internal 

quantum efficiency might be attributed to the suppression of 

carrier recombination4(f) from TiO2 to the benzene moiety by 

the Ti-S-C linkage. 

Conclusion 

We reported ICT transitions in the TiO2 and 

benzenedithiol complex with Ti-S-C linkages. The complex 

was formed by the bidentate Ti-S-C coordination and showed 

ICT transitions in the visible region. The ICT transitions 

induced the photovoltaic conversion showing relatively higher 

internal quantum efficiencies. In addition, our DFT analysis 

revealed that the electronic hybridization between TiO2 and the 

benzene ring is enhanced by the 3d-3p-π interaction via the Ti-

S-C linkage as compared to the 3d-2p-π interaction via the Ti-

O-C linkage. This work demonstrated the important role of 

bridging atoms in organic-semiconductor electronic couplings 

and photovoltaic conversion due to ICT transitions. 
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