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Extremely strong organic-metal oxide electronic 

coupling caused by nucleophilic addition 

reaction 

Jun-ichi Fujisawa*ab and Minoru Hanayaa 

Electronic interplay between organic materials and inorganic semiconductors plays an important role in 

various electronic and optoelectronic functions, and also provides new functions such as optical 

interfacial charge-transfer (ICT) transitions having the following features. ICT transitions enable to 

capture lower-energy photons than HOMO-LUMO gaps or band gaps, and allow for one-step charge 

separation without energy loss. The hybrid material generated by the nucleophilic addition reaction 

between TiO2 and TCNQ exclusively shows strong ICT transitions. In this paper, we report that strong 

organic-metal oxide electronic coupling is caused by the nucleophilic addition reaction, which enhances 

the ICT transitions. The electronic coupling between TiO2 and TCNQ occurs according to the two-step 

mechanism. First, the lowest unoccupied molecular orbital (LUMO(π*)) of TCNQ is elevated by the 

nucleophilic attack of a deprotonated hydroxy group on TiO2 to TCNQ and the electronic distribution is 

moved toward TiO2. By the elevation and redistribution, the LUMO (π*) strongly interacts with the d(t2g) 

orbitals of a surface Ti atom. From the avoided-crossing behavior with a large splitting energy of ca. 

0.95 eV, the coupling energy was estimated to be as much as 0.5 eV in the mono-Ti model complex. This 

strong d-π* electronic coupling leads to strong coupling between the complete ICT excited states and 

partial ICT excited state with a large splitting energy of ca. 0.92 eV, which considerably increases the 

ICT-transition probabilities. This work clarified the mechanisms of the strong organic-inorganic 

electronic coupling and the enhancement of the ICT absorption in the TiO2-TCNQ hybrid material. 

 

Introduction 

Electronic interplay between organic materials and 

inorganic semiconductors plays an important role in electronic 

and optoelectronic functions such as photovoltaic conversions1,2 

and electrochemical and photocatalytic reactions3 in organic-

inorganic hybrid systems. Especially, strong electronic coupling 

at organic-inorganic interfaces not only allows barrier-less fast 

interfacial electron transfers, but also provides new functions 

such as optical interfacial charge-transfer (ICT) transitions. ICT 

transitions have the following exclusive features. ICT 

transitions enable to capture lower-energy photons than 

HOMO-LUMO gaps of organic materials or band gaps of 

inorganic semiconductors. In addition, ICT transitions allow for 

direct charge separation without energy loss. Because of the 

potential features, ICT transitions have been expected to be 

applied to solar energy conversions such as photovoltaic 

conversion. So far, ICT transitions at organic-inorganic 

interfaces have been reported in two nanomaterials. One is TiO2 

nanoparticles adsorbed with organic materials.4-9 The other is 

organic-inorganic nanowire hybrid perovskite.10-13 Of these 

 

 

 

 

 

 

 
Fig. 1. Nucleophilic addition reaction of an anionic oxygen atom on TiO2 to TCNQ. 

Gray: titanium and red: oxygen atom. 

materials, organic-inorganic hybrid materials generated from 

titanium dioxide (TiO2) nanoparticles and 

bis(dicyanomethylene) compounds (TCNX) such as 7,7,8,8-

tetracyanoquinodimethane (TCNQ) exclusively show strong 

organic-to-inorganic ICT transitions.7,14-16 As shown in Fig. 1, 

the TiO2-TCNX hybrid materials are produced by nucleophilic 

addition of a deprotonated surface hydroxy group to TCNX, 

generating negatively-charge σ-type complexes on TiO2. The 

Page 1 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



ARTICLE Journal Name 

2 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 2012 

hybrid materials exhibit deep color due to the ICT transitions in 

the visible-to-near IR region, as shown in Fig. 2(a). Recent 

theoretical analyses based on density functional theory (DFT) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. (a) Diffuse reflectance spectra and photographs of TiO2 nanoparticles 

before (black dashed curve) and after (red curve) immersion in TCNQ solution 

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

curve) and (b) calculated electronic excitation spectra of the model compounds, 

[Ti(OH)2(H2O)2(μ-O)2-benzene] (blue) and [Ti(OH)3(H2O)2(μ-O)-TCNQ]
-
 (red) for 

TiO2-catechol and TiO2-TCNQ surface complexes, respectively. The experimental 

diffuse reflectance and absorption spectra were reported in Refs. 7 and 14. Large 

gray: titanium, small gray: carbon, white: hydrogen, and red: oxygen atom. 

revealed that the ICT-transition probabilities in the TiO2-TCNX 

surface complexes are more than one order of magnitude higher 

than those in the other TiO2-organic complexes such as TiO2-

catechol4, as shown in Fig. 2(b).17 This result suggests that 

unprecedented strong organic-semiconductor electronic 

coupling is caused by the nucleophilic addition reaction as 

compared to conventional chemical adsorptions1,2. However, 

the questions of how the nucleophilic addition reaction causes 

such strong organic-semiconductor coupling and of how the 

ICT transition probabilities are enhanced still remain to be 

clarified. In this paper, we report the mechanisms of strong 

electronic couplings between TiO2 and TCNQ and the 

enhancement of the ICT transitions. For this purpose, the 

ground state and occupied orbitals of the TiO2-TCNQ complex 

were studied in the previous work.16 However, strong coupling 

between TiO2 and TCNQ was not found. In this work, we 

extended our attention to the excited states and unoccupied 

orbitals and found strong coupling between TiO2 and TCNQ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. (a) Nucleophilic addition reaction between a methoxy anion and TCNQ 

and (b) calculated potential curve of CH3O-TCNQ
-
 as a function of the CTCNQ-

Obridge bond length. Gray: carbon, white: hydrogen, and red: oxygen atom.  

In the DFT calculations, we employed mono-Ti model 

compounds. For TiO2 nanoparticle-based 

models14,16,dependences on crystal faces and effects of 

adsorption of hydroxy groups and water molecules should be 

taken into account. In addition, surface structures of TiO2 

nanoparticles have not been understood well yet. For these 

reasons, the use of mono-Ti model compounds would be 

appropriate as a first step for understanding of those 

mechanisms, focusing on the local Ti-O-TCNQ- structure. 

 

Computational details 

Structures, energies and electronic distributions of 

molecular orbitals of mono-Ti model compounds were 

calculated by DFT18 with the widely employed B3LYP 

functional19,20 and 6-31G+(d,p) basis set21,22. Electronic 

excitation spectra were computed by time-dependent DFT (TD-

DFT)23 at the same level of theory (B3LYP, 6-31G+(d,p)), 

since the B3LYP functional has been reported to well 

reproduce the ICT-transition properties.7,14,17 In all the 

calculations, solvation effects of acetonitrile used in the 

reported experiments7,14 were taken into account with the 

conductor-like polarizable continuum model (CPCM)24,25, since 
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CPCM is one of successful solvation models.26 All the 

calculations were performed by using a Gaussian 09 software27. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4.Energies and electronic distributions (|isovalue| = 0.02) of HOMO-2 (black 

circles), HOMO-1 (blue circles), HOMO (green circles), and LUMO (red circles) in 

CH3O-TCNQ
-
 as a function of the CTCNQ-Obridge bond length. Gray: carbon, white: 

hydrogen, and red: oxygen atom. Green and brown isosurfaces stand for 

opposite signs in amplitude. 

Results and discussion 

Methoxy-TCNQ complex 

At first, we examined a simple methoxy-TCNQ complex 

produced by a nucleophilic addition reaction between a 

methoxy anion and TCNQ, as shown in Fig. 3(a). Fig. 3(b) 

shows the calculated potential curve and structural change of 

the CH3O-TCNQ- nucleophilic adduct as a function of the 

CTCNQ-Obridge bond length. The potential curve is concave 

downward with a binding energy of 1.84 eV, indicating its 

barrier-less exothermic reaction. As the nucleophilic addition 
reaction proceeds, the conformation of the attacked carbon 

atom (C7 in Fig. 1) is changed from a planar to a tetragonal 

structure with the sp2-to-sp3 hybrid-orbital change. The CTCNQ-

Obridge bond length in the minimum point was calculated to be 

1.42 Å. This value is very close to the reported value (1.41 Å) 

determined by X-ray diffraction analysis28. This result indicates 

the validity of the DFT calculation. 

Fig. 4 shows the energies and electronic distributions of 

the highest, second highest and third highest molecular orbitals 

(HOMO, HOMO-1 and HOMO-2, respectively) and lowest 

unoccupied molecular orbital (LUMO) of CH3O-TCNQ-. 

Before the nucleophilic addition, the LUMO of TCNQ is 

located slightly below the two degenerate HOMOs (HOMO1, 

HOMO2) of a methoxy anion and, on the other hand, the 

HOMO of TCNQ exists much below the HOMO1 and 

HOMO2. Because of the energetic proximity and orbital 

symmetry in overlap integral, the LUMO of TCNQ strongly 

interacts with the HOMO1 of the methoxy anion. 

Consequently, the LUMO energy of TCNQ significantly 

increases from -4.64 to -1.44 eV 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. (a) Experimental absorption spectra of TCNQ (blue) and CH3O-TCNQ

-
 (red) 

in chloroform and (b) calculated electronic excitation spectra of TCNQ (blue) and 

CH3O-TCNQ
-
 (red). Green and brown isosurfaces (|isovalue| = 0.02) stand for 

opposite signs in amplitude. 

by the anti-bonding interaction with the HOMO1, as shown by 

a red dashed circle. This result indicates that the electron-

accepting property of TCNQ vanishes at all by the nucleophilic 

addition reaction with a methoxy anion and CH3O-TCNQ- has a 

rather electron-donating property. In addition to the significant 

elevation, the electronic distribution of the LUMO is moved 

toward the reaction site with remarkable delocalization on the 

attacking oxygen atom, as shown by the red dashed circle in Fig. 

4. The considerable elevation and electronic redistribution of 

the LUMO are favorable for strong coupling with the d orbitals 

of a surface Ti atom on TiO2, as will be described later. On the 

other hand, the HOMO of CH3O-TCNQ- has almost no 

distribution on the oxygen atom and the increase in the energy 

is moderate. As a result, the HOMO-LUMO gap energy 

increases from 2.55 eV to 3.66 eV by the nucleophilic addition 

reaction. 
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In order to confirm the calculation results in Fig. 4, we 

calculated electronic excitation spectra of TCNQ and CH3O-

TCNQ- and compared with the reported experimental  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. (a) Optimized structures of model compounds 1 and 2 and (b) calculated 

potential curves of 1 (red) and 2 (blue ) along the reaction coordinate together 

with that of CH3O-TCNQ-. The minimum energy of CH3O-TCNQ- is set to that of 1. 

Large gray: titanium, small gray: carbon, white: hydrogen, and red: oxygen atom.  

absorption spectra28. Fig. 5(a) shows experimental absorption 

spectra29 of TCNQ and CH3O-TCNQ-. TCNQ shows an 

absorption band at 400 nm with a vibration structure 

(vibrational energy: ca. 0.172 eV). On the other hand, CH3O-

TCNQ- shows an absorption band at 337 nm without any 

vibration structure.28 As compared to the absorption band of 

TCNQ, the absorption band of CH3O-TCNQ- is blue-shifted by 

0.58 eV. In addition, the absorption band is slightly broader 

than that of TCNQ. The full width at a half maximum (FWHM) 

of the absorption band in CH3O-TCNQ- was estimated to be 

0.53 eV, which is larger than that (0.34 eV) for TCNQ. Fig. 

5(b) shows calculated electronic excitation spectra of TCNQ 

and CH3O-TCNQ-.30 The wavelength of the lowest singlet 

electronic excitation in TCNQ was estimated as 447.4 nm and 

the one in CH3O-TCNQ- as 383.4 nm. Although these 

calculated excitation wavelengths are overestimated as 

compared to the experimental data, the blue shift of the 

absorption band is reproduced by the TD-DFT calculations. 

The calculated amount (0.46 eV) of the blue shift is comparable 

to the experimental value (0.58 eV). Both the absorption bands 

in TCNQ and CH3O-TCNQ- are attributed to the 

HOMO→LUMO transition. Therefore, the blue-shift is 

consistent with the widening of the HOMO-LUMO gap by the 

larger elevation of the LUMO of CH3O-TCNQ-. In addition, the 

broadening and vanishing of the vibrational structure are 

supported by the intra-molecular charge-transfer nature of the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Energies and electronic distributions ((|isovalue|=0.02)) of HOMO (black 

circles), LUMO (blue circles), LUMO+1 (green circles), LUMO+2 (orange circles), 

and LUMO+3 (red circles) in 1 together with those (black dashed curves) of 

HOMO and LUMO of CH3O-TCNQ
-
.  

HOMO→LUMO transition in CH3O-TCNQ-, as shown in the 

inset of Fig. 5(b). The analyses of the electronic excitation 

spectra support the validity of the calculation results in Fig. 4.  

 

TiO2-TCNQ model complex 

     Fig. 6(a) shows two model complexes 1 and 2 

(Ti(OH)3(H2O)2(µ-O)TCNQ]-) for the TiO2-TCNQ surface 

complex (Fig. 1). Several mono-Ti model complexes with 

hydroxy groups at different positions were examined. 1 and 2 

were found to be the most stable among the complexes. The 

CTCNQ-Obridge bond length in the optimized structures of 1 and 2 

was calculated to be 1.39 Å, which is slightly shorter than that 

(1.42 Å) of CH3O-TCNQ-. Fig. 6(b) shows the calculated 

potential curves of 1 and 2 along the reaction coordinate 

together with that of CH3O-TCNQ-. The minimum energy in 

CH3O-TCNQ- was set to that in 1 for visualization purposes. 

The potential curves of 1 and 2 are very analogous with that of 

CH3O-TCNQ-. These results indicate that the binding energy is 

dominantly governed by the electron-donating property of the 

attacking oxygen atom and the electron-donating property of 

the attacking oxygen atom in 1 and 2 is comparable or slightly 

larger than that in CH3O-TCNQ-. As the reaction proceeds, the 

conformation of the attacked carbon atom of TCNQ is varied 

from a planar (sp2) to a tetragonal (sp3) similarly to the case of 

CH3O-TCNQ-. Since the structural and electronic properties of 
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2 are almost the same as those of 1, hereafter results of 1 are 

mainly described. 

      Fig. 7 shows the energies and electronic distributions of the 

HOMO, LUMO, the second, third, and fourth lowest 

unoccupied molecular orbitals (LUMO+1, LUMO+2, and  

Table 1. Electronic distributions (|isovalue|=0.05) of the HOMO, 
LUMO, LUMO+1, LUMO+2, and LUMO+3 at different CTCNQ-Obridge 
bond lengths (r) in 1. D: delocalization on TCNQ and Ti, L(Ti): 
localization on Ti, L(TCNQ): localization on TCNQ. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

LUMO+3, respectively) in 1.31 In the figure, the HOMO and 

LUMO of CH3O-TCNQ- are also shown by black dashed 

curves for comparison. At the CTCNQ-Obridge bond length of 1.8 

Å, the HOMO and LUMO in 1 correspond to the HOMO and 

LUMO in CH3O-TCNQ-. On the other hand, the LUMO+1, 

LUMO+2, and LUMO+3 correspond to the d(t2g) orbitals of the 

titanium atom, although the LUMO+3 is strikingly delocalized 

on the TCNQ moiety. As the nucleophilic addition reaction 

proceeds, the energy of the LUMO of 1 significantly increases 

in contrast to the HOMO. The changes of the HOMO and 

LUMO energies in 1 well agree with those in CH3O-TCNQ-. 

This result means that the striking elevation of the LUMO level 

in 1 is predominantly caused by the nucleophilic attack of the 

negatively charged oxygen atom. On the other hand, the 

energies of the LUMO+1, LUMO+2, and LUMO+3 gradually 

decrease. At the CTCNQ-Obridge bond lengths around 1.6 Å, an 

avoided crossing occurs between the LUMO and LUMO+1, 

LUMO+2 and LUMO+3, which clearly indicates the 

occurrence of electronic coupling between the π* of the TCNQ 

moiety and d(t2g) orbitals of the titanium atom. Table 1 shows 

the electronic distributions of the orbitals at the different CTCNQ-

Obridge bond lengths. The isovalue was set to be 0.05 larger than 

that in Fig. 7 in order to see the main distribution. The orbitals 

are divided into three classes. L(TCNQ) is localized on the 

TCNQ moiety, L(Ti) is localized on the titanium atom, and D is 

delocalized on TCNQ and the titanium atom. As shown in 

Table 1, the HOMO is localized on the TCNQ moiety at the all  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 8. Two-level system analysis of avoided crossing between the LUMO and 

LUMO+3 in 1 and simulated curves obtained from Eqs 2 and 3 with different Vd-π* 

values of 0.4 eV (blue curves), 0.5 eV (green curves), and 0.6 eV (red curves). 

bond lengths. The LUMO+1 and LUMO+2 are predominantly 

localized on the Ti moiety at the all bond lengths. Note that the 

LUMO+1 and LUMO+2 in 1 are partially distributed on the 

dicyanomethylene group, as shown with the smaller isovalue in 

Fig. 7. On the other hand, the LUMO at the CTCNQ-Obridge bond 

lengths of 1.6-1.8 Å and LUMO+3 at 1.3-1.6 Å are classified 

into D, showing the strong d-π* interaction. The splitting 

energy of the avoided crossing between the LUMO and 

LUMO+3 was estimated to be ca. 0.95 eV, as shown in Fig. 7. 

   The avoided crossing between the LUMO and LUMO+3 due 

to the d-π* interaction was analyzed in a two-level system in 

order to quantitatively evaluate the coupling energy. The 

Hamiltonian matrix in the |d> and |π*> systems is expressed as 

follows. 

����∗��� 	 
 ����� 
���∗���
���∗��� ��∗��� �     (1) 

The diagonal and off-diagonal elements are dependent on the 

CTCNQ-Obridge bond length (r). The eigenvalues (E1 and E2) are 

obtained by diagonalization of the Hamiltonian matrix as 

follows. 

����� 	 ��������∗���
� � ����������∗���

� �� � 
���∗����     (2) 

����� 	 ��������∗���
� � ����������∗���

� �� � 
���∗����     (3) 
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Strictly speaking, it is very difficult to explicitly determine the 

Ed(r) and Eπ*(r) functions. However, the Ed(r) function is 

considered to be analogous to that of the LUMO+2 in 1 that has 

little distribution on the TCNQ moiety. The Eπ*(r) function  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Fig. 9. Calculated electronic excitation spectra at different CTCNQ-Obridge bond 

lengths in 1. Solid circles and squares stand for complete and partial ICT 

transitions, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10. Excitation energies of complete and partial ICT transitions in 1 as a 

function of the CTCNQ-Obridge bond length. 

would be very similar to that of the LUMO of CH3O-TCNQ-, 

since the HOMO behaviour of 1 is in good agreement with that 

of CH3O-TCNQ-, as shown in Fig. 7. For this reason, 

tentatively assuming that Ed(r) and Eπ*(r) behave likewise the 

LUMO+2 in 1 and the LUMO of CH3O-TCNQ-, respectively, 

E1(r) and E2(r) were calculated, as shown in Fig. 8. Despite the 

rough assumption, the avoided crossing is well reproduced with 

the coupling energy (Vd-π*) of ca. 0.5 eV. 

Next, we examined the question of how the d-π* 

interaction enhances the ICT-transition probabilities. Fig. 9 

shows calculated electronic excitation spectra of 1 at different 

CTCNQ-Obridge bond lengths. Excitation wavelengths, oscillator 

strengths, contributions, and excitation characters are tabulated 

in Table 2. In the near UV and visible regions, four electronic 

transitions from the HOMO to the LUMO, LUMO+1,  

 

 

 

 

 

CTCNQ-Obridge 
bond length (Å) 

Excitation wavelength (nm) Oscillator strength Main configuration Character 

1.3 518.7 
472.8 
455.2 
344.2 

0.0001 
0.0003 
0.0491 
0.3770 

HOMO→LUMO(100%) 
HOMO→LUMO+1(100%) 
HOMO→LUMO+2(100%) 
HOMO→LUMO+3(97%) 

Complete ICT 
Complete ICT 
Complete ICT 

Partial ICT 
1.39 (optimal) 497.2 

459.2 
442.6 
349.6 

0.0020 
0.0144 
0.1040 
0.3006 

HOMO→LUMO(100%) 
HOMO→LUMO+1(99%) 
HOMO→LUMO+2(99%) 
HOMO→LUMO+3(98%) 

Complete ICT 
Complete ICT 
Complete ICT 

Partial ICT 
1.5 476.6 

455.5 
430.0 
352.2 

0.0500 
0.1424 
0.0809 
0.1736 

HOMO→LUMO(98%) 
HOMO→LUMO+1(98%) 
HOMO→LUMO+2(99%) 
HOMO→LUMO+3(98%) 

Complete ICT 
Complete ICT 
Complete ICT 

Partial ICT 
1.6 486.3 

447.1 
413.2 
346.8 

0.3651 
0.0253 
0.0423 
0.0732 

HOMO→LUMO(99%) 
HOMO→LUMO+1(99%) 
HOMO→LUMO+2(99%) 
HOMO→LUMO+3(98%) 

Partial ICT 
Complete ICT 
Complete ICT 

Partial ICT 
1.7 521.2 

423.4 
390.8 
333.1 

0.5543 
0.0048 
0.0265 
0.0177 

HOMO→LUMO(100%) 
HOMO→LUMO+1(99%) 
HOMO→LUMO+2(99%) 
HOMO→LUMO+3(93%) 

Partial ICT 
Complete ICT 
Complete ICT 
Complete ICT 

Table 2. Excitation wavelengths, oscillator strengths, main configurations, and excitation properties at different CTCNQ-Obridge bond lengths in 1. 
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Fig. 11. (a) Sum of oscillator strengths of complete ICT transitions in 1 as a 

function of the CTCNQ-Obridge bond length and (b) sin2φ and cos2φ in a two-level 
system with an off-diagonal element of 0.5 eV as a function of the energy 

difference (E2 - E1). See text for detail. 

LUMO+2, and LUMO+3 occur. Those four transitions are 

classified into the complete ICT transition and partial ICT 

transition from the molecular-orbital characters in Table 1. For 

the complete ICT transition, the unoccupied orbital is 

predominantly localized on the titanium atom. Thus, an electron 

is entirely injected into the titanium atom. On the other hand, 

for the partial ICT transition, the unoccupied orbital is 

delocalized on TCNQ and the titanium atom, resulting in partial 

electron injection in TiO2. In the optimal structure, complete 

ICT transitions occur in the visible region and the intra-

molecular CT excitation at 350 nm in the near UV region. This 

result is consistent with the assignment of the broad absorption 

band in Fig. 2(a) to the complete ICT transitions.7,14-17 In 

addition, an avoided crossing is discernible in the excitation 

spectra, as shown by red and blue curves in Fig. 9. The avoided 

crossing in the excited states is more clearly manifested in Fig. 

10. The splitting energy between the ICT1 and ICT4 excitations 

was estimated to be ca. 0.92 eV that is comparable to that of the 

avoided crossing between the LUMO and LUMO+3 in Fig. 7. 

Since the lowest and forth lowest excitations (ICT1 and ICT4) 

are attributed to the HOMO→LUMO and HOMO→LUMO+3 

transitions, respectively, as shown in Table 2, it is reasonable 

that the splitting energy between the ICT1 and ICT4 is almost 

equal to that between the LUMO and LUMO+3. Thus, the 

excited-state coupling originates from the d-π* electronic 

interaction (ca. 0.5 eV). Note that although the large splitting 

between the ICT1 and ICT4 is highlighted above, excited-state 

couplings of the ICT1 with the ICT2 and ICT3 also occur, 

because the oscillator strengths of the ICT2 and ICT3 are 

strikingly enhanced. Taking into account this fact, the sum of 

the oscillator strengths of the complete ICT excitations were 

calculated as a function of the CTCNQ-Obridge bond length, as 

shown in Fig. 11(a). With decreasing the bond length, the value 

rapidly increases with a maximum at 1.5 Å and, then, decreases. 

The value at 1.39 Å (optimal) is about 44% of the maximum 

value. This result evidently reveals that the ICT transitions are 

enhanced by the coupling with the intra-molecular CT 

excitation due to the strong d-π* electronic interaction (ca. 0.5 

eV). 

      In order to understand the above-mentioned bond-length 

dependence qualitatively, it is useful to employ a two-level 

system. Considering two excited states of |a> and |b>, the 

Hamiltonian matrix is described as follows within a framework 

of a two-level system. 

��,���� 	 
 ����� 
�,����
�,���� ����� �     (4) 

The eigenenergies are given by similar equations to Eqs 2and 3. 

The coupling energy (Va,b(r)) is reasonably considered to be 

almost the same as Vd-π*(r). The eigenfunctions (|i> and |ii>) are 

described by the following equations. 

|i〉 	 "#$%|a〉 �	$()%|b〉     (5) 

|ii〉 	 �$()%|a〉 �	"#$%|b〉     (6) 

$()�% 	 �
� +1 � -1 � � �./,0���

�1�����0�����2�345     (7) 

"#$�% 	 �
� +1 � -1 � � �./,0���

�1�����0�����2�345     (8) 

The coefficient of the coupling of the complete ICT transition  

with the partial ICT transition is described as sinφ. Supposing 

that |a> and |b> are the complete and partial ICT excitations, 

respectively, the transition probability from the ground state |g> 

to the excited state |i> is described as follows. 

6 ∝ |"#$%〈9|:;|<〉 � $()%〈=|:;|<〉|�     (9) 

Fig. 11(b) shows cos2φ and sin2φ as a function of the energy 

difference (Eb(r) – Ea(r)) with Va,b(r) of 0.5 eV. cos2φ increases 

with the absolute value of the energy difference. On the other 

hand, sin2φ decreases with increasing the absolute value of the 

energy difference. The behavior of sin2φ is in good agreement 

with the bond-length dependence in Fig. 11(a). This result is 

reasonable from the fact that the transition probability of the 

complete ICT transition is approximated by the following 

equation since the probability of the complete ICT transition is 

0.8
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much lower than that of the partial ICT transition, as shown in 

Fig. 9. 

6 ∝ $()�%〈=|:;|<〉�     (10) 

Therefore, the mechanism of the enhancement of the ICT 

transitions in the TiO2-TCNQ hybrid material was clarified. 

For applications of ICT transitions as a charge separation 

mechanism for solar energy conversions, the energy of the 

partial ICT excitation should be larger than that of the complete 

ICT excitation, otherwise electrons injected in TiO2 by the 

complete ICT transitions return to TiO2 surfaces, which suffers 

from carrier recombination. For this reason, a yellow region in 

Fig. 11(a) is favorable for applications to solar energy 

conversions, keeping the strong ICT transitions. In fact, the 

TiO2-TCNQ exists within the area. 

     Finally, we discuss the validity and difference of the mono-

Ti model compound with the experimentally used TiO2 

nanoparticle-TCNQ hybrid material. At first, the calculated 

LUMO energy (-2.12 eV) of the mono-Ti model complex is 

much higher than the energy (ca. -4.0 eV) of the conduction-

band bottom of TiO2, as shown in Fig. 7. The higher energy of 

the LUMO level is attributed not only to the lack of the 

stabilization due to bonding interactions with other titanium and 

oxygen atoms, but also to the total negative charge. In addition, 

the unoccupied orbitals of the mono-Ti model compound are 

localized on the titanium atom, as shown in Fig. 7. On the other 

hand, the unoccupied orbitals on TiO2 surfaces are considered 

to be delocalized on the TiO2 moiety to some extent.14,16 The 

delocalization likely decreases the organic-inorganic electronic 

coupling energy. In order to get a more quantitative insight, 

analyses with TiO2 nanoclusters are crucial. However, as 

mentioned in Introduction, surface structures of TiO2 

nanoparticles have not yet been understood well. For example, 

the question of how crystalline or how amorphous TiO2 surface 

are still remains to be studied. For this reason, the use of the 

mono-Ti model complex would be appropriate. Indeed, the 

ICT-transition nature and excitation energies are well 

reproduced by the DFT and TD-DFT calculations. From this 

viewpoint, this work based on the mono-Ti model complex 

provides important knowledge on the mechanisms of the 

organic-inorganic electronic coupling and the enhancement of 

the ICT transitions in the TiO2-TCNQ hybrid material as a first 

step. 

 

Conclusion 

In this work, we studied the strong organic-metal oxide 

semiconductor electronic coupling caused by the surface 

nucleophilic addition reaction in the TiO2-TCNQ hybrid 

material. The mechanisms of the strong electronic coupling and 

the enhancement of the ICT-transition probability were 

clarified in detail. The coupling energy was estimated to be ca. 

0.5 eV based on the DFT analysis with the mono-Ti model 

compound. To our best knowledge, such strong coupling at 

organic-inorganic interfaces was first demonstrated. 
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