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Large impact of reorganization energy on 

photovoltaic conversion due to interfacial 

charge-transfer transitions 

Jun-ichi Fujisawaab 

Interfacial charge-transfer (ICT) transitions are expected to be a novel charge-separation 

mechanism for efficient photovoltaic conversion featuring one-step charge separation without 

energy loss. Photovoltaic conversion due to ICT transitions has been investigated using several 

TiO2-organic hybrid materials that show organic-to-inorganic ICT transitions in the visible region. 

In applications of ICT transitions to photovoltaic conversion, there is a significant problem that 

rapid carrier recombination is caused by organic-inorganic electronic coupling that is necessary 

for the ICT transitions. In order to solve this problem, in this work, I have theoretically studied 

light-to-current conversions due to the ICT transitions on the basis of the Marcus theory with 

density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations. An apparent 

correlation between the reported incident photon-to-current conversion efficiencies (IPCE) and 

calculated reorganization energies was clearly found, in which the IPCE increases with 

decreasing the reorganization energy consistent with the Marcus theory in the inverted region. 

This activation-energy dependence was systematically explained by the equation formulated by 

the Marcus theory based on a simple excited-state kinetic scheme. This result indicates that the 

reduction of the reorganization energy can suppress the carrier recombination and enhance the 

IPCE. The reorganization energy is predominantly governed by the structural change in the 

chemical-adsorption moiety between the ground and ICT excited states. This work provides 

crucial knowledge for efficient photovoltaic conversion due to ICT transitions. 

 

Introduction 

Photovoltaic conversion devices including solar cells consist of 

electron-donating (p-type semiconductors) and electron-

accepting materials (n-type semiconductors), as shown in Fig. 1. 

In them, photovoltaic conversion occurs via (i) light absorption 

due to internal electronic transitions such as inter-band 

electronic transitions in inorganic semiconductors or intra-

molecular electronic transitions in dyes and (ii) subsequent 

interfacial charge-separation of photogenerated electrons and 

holes. The latter interfacial charge-separation occurs with 

energy loss of at least ca. 0.2-0.3 eV. In order to eliminate this 

energy loss, interfacial charge-transfer (ICT) transitions should 

be employed, because ICT transitions in principle directly 

induce charge separation without energy loss. (Fig. 1) 

Photovoltaic conversion by ICT transitions have been studied 

from 2000 by employing hybrid materials formed from TiO2 

nanoparticles and enediol compounds (ascorbic acid 

(abbreviated to AA) and catechol (abbreviated to CA) (Fig. 2) 

[1-3] Although photovoltaic conversion due to the organic-to- 
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Fig. 1. Schematic picture of fundamental structure of solar cells, photovoltaic 

conversion processes, and ICT transitions featuring one-step charge separation 

together with the equations of ICT transition probability and carrier-

recombination rate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2. TiO2 nanoparticles chemically adsorbed with organic molecules showing 

ICT absorption and reported IPCE maximum values. 

inorganic ICT transitions was first demonstrated with those 

materials, the observed incident photon-to-current conversion 

efficiencies (IPCE) were reported to be less than about 10%, as 

shown in Figs. 2(a) and 2(b).[1-3] In addition, Wang et al. have 

demonstrated that carrier recombination occurs quite rapidly 

within ca. 2 psec, which results in the low IPCE values. 

Therefore, suppression of the rapid carrier recombination is the 

most significant problem for applications of ICT transitions to 

photovoltaic conversion. However, very little effort has been 

devoted to this problem, since it was considered that such a 

rapid carrier recombination would be the intrinsic property for 

ICT transitions. This is because electronic coupling at organic-

inorganic interfaces not only enhances the transition dipole 

moment (〈�|��|�〉) of ICT transitions, but also increases the 

transfer integral (β) of carrier recombination, as shown in Fig. 1. 

On the other hand, it was reported in 2005 that the lead-

iodide nanowire perovskite (MVPb2I6) with organic electron-

acceptor methylviologen (MV2+) generates photocurrent due to 

the ICT transitions under applied voltage much more efficiently 

than the intra-wire electronic transitions. This result reveals the 

high potential of ICT transitions in applications to photovoltaic 

conversion. In addition, the quite long lifetime (≳ 1 msec) of 

photogenerated carriers in MVPb2I6 was confirmed by the 

steady-state photoinduced absorption measurement. This result 

indicates that the above mentioned rapid carrier recombination 

is not an intrinsic property of ICT transitions and can be 

suppressed. 

Recently, efficient light-to-current conversions due to 

ICT transitions were first demonstrated employing the two 

TiO2-organic hybrid materials. One is the surface complex 

formed from TiO2 nanoparticles and 7,7,8,8-

tetracyanoquinodimethane (abbreviated to TCNQ) showing 

IPCE of ca. 75% (without applied voltage)[9], as shown in Fig. 

2(c). The other is TiO2 nanoparticles chemically adsorbed with  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 3. Schematic diagram of potential curves of the S0 and S1 states in the 

Marcus’s inverted region. 

2-anthroic acid (abbreviated to AT-COOH) showing IPCE of 

exceeding 85% (without applied voltage), as shown in Fig. 

2(d)[10]. In these hybrids, carrier recombination is considered 

to be suppressed effectively. However, the questions of why 

carrier recombination is suppressed in TiO2-TCNQ and TiO2-

OOC-AT and what is the key factor for it still remain to be 

resolved. To answer these questions, in this work, I have 

theoretically studied photovoltaic conversion and carrier 

recombination in all the reported ICT-transition systems (Fig. 

2) on the basis of the Marcus theory [11,12] with density 

functional theory (DFT) and time-dependent DFT (TD-DFT) 

calculations. 

Fig. 3 shows quadratic harmonic potential curves with 

the same curvature for the ground singlet (S0) state and lowest-

energy ICT excited singlet (S1) states. In the Marcus theory, 

carrier recombination occurs via thermal excitation of the S1 

state and subsequent jumping to the S0 potential curve at the 

cross point. Thus, the activation energy (Ea > 0) in Fig. 3 is a 

key factor to control the carrier-recombination rate (krecom), as 

shown by the following equation [11,12]. 

������ = !"#
$

%#

&"'()* ��� +− ,-
()*.       (1) 

h, kB, T, and β are the Plank constant, Boltzmann constant, and 

absolute temperature, the transfer integral between the S0 and 

S1 states at the cross point, respectively. The activation energy 

is expressed by the following equation.  

�/ = 0'1∆,3#
4'        (2) 
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λ and ∆E are a reorganization energy (λ > 0) and a free-energy 

difference (∆E > 0) between the S0 and S1 optimal states, 

respectively, as shown in Fig. 3. TiO2-CA in Fig. 2 was 

reported to exist in the Marcus’s inverted region (λ < ∆E) in Fig. 

3.[8] In the inverted region, the activation energy increases with  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4. Optimized structures in the S0 states of (a) [Ti(OH)2(H2O)2-(μ-O)2-AA], (b) 

[Ti(OH)2(H2O)2-(μ-O)2-BZ], (c) [Ti(OH)3(H2O)2-(μ-O)-TCNQ]- and (d) [Ti(OH)3(H2O)-

(μ-OOC)-AT]. Gray: carbon, white: hydrogen, blue: nitrogen, red: oxygen, large 

white: titanium atom. 

the decrease of the reorganization energy and decreases with 

the increase of the reorganization energy (Fig. 3). Therefore, if 

the reorganization energy can be reduced, the carrier 

recombination can be suppressed according to the Marcus 

theory. 

 

Computational details 

In the DFT and TD-DFT calculations, at first, four model 

compounds of [Ti(OH)2(H2O)2-(µ-O)2-AA], [Ti(OH)2(H2O)2-

(µ-O)2-BZ] (BZ: benzene), [Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, and 

[Ti(OH)3(H2O)-(µ-OOC)-AT] (AT: anthracene) were examined 

by simplifying a TiO2 nanoparticle in Fig. 2 with a mono-

nuclear Ti complex, as shown in Fig. 4. The respective 

adsorption structures were reported in the literature [1-

3,9,10,13-15]. Such mono-Ti model complexes have been 

widely used for the calculations of ICT transitions in TiO2 

nanoparticle adsorbed with the organic molecules, well 

reproducing the energies of the ICT absorption bands.[3,10,14]  

The structures, energies and electronic distributions of 

molecular orbitals, and total energies (abbreviated to Etotal(S0)) 

in the S0 optimized structures of the four model compounds 

were calculated by DFT [16] with the B3LYP functional 

[17,18] and 6-31G+(d,p) basis set [19,20]. The B3LYP 

functional has been widely employed for the calculation of ICT 

transitions, well reproducing the charge-transfer properties. 

[10,13] The structures, energies and electronic distributions of 

molecular orbitals, and total energies (abbreviated to Etotal(S1)) 

in the S1 optimized structures of the four model compounds 

were calculated by TD-DFT [21] at the same level of theory, 

using the S0 optimized structures as initial structures. Since the 

mono-Ti model complexes are not suitable to estimate the 

reorganization energy in TiO2 nanoparticles (average size: ca. 

15-20 nm) used in the experiments, in the TD-DFT calculations 

the coordinates of all the OH- and H2O ligands were kept frozen 

to those of the S0 optimal structures. Thus, calculated 

reorganization energies in this work are attributed to structural 

reorganizations in the organic and chemical adsorption moieties. 

The lowest singlet vertical electronic-excitation energies 

(abbreviated to ES0(S0→S1) and ES1(S0→S1), respectively) in 

the S0 and S1 optimized structures of the model compounds 

were calculated by TD-DFT. Reorganization energies are 

estimated by the following equation (Fig. 3). 
< = �=>05? → 5A3 − 7�B�B/C05A3 − �B�B/C05?39 (3) 

Reorganization energies estimated by this equation were 

confirmed to be in good agreement with those estimated from 

the difference (2λ) between (ES0(S0→S1) and ES1(S0→S1)). In 

all the calculations, solvation effects of acetonitrile used in the 

reported experiments [3,9,10] were taken into account with the 

conductor-like polarizable continuum model (CPCM) [22,23], 

since CPCM is one of successful solvation models. [24] All the 

calculations were performed by using a Gaussian 09 software 

[25]. 

In order to examine the functional dependence of 

reorganization energies, DFT and TD-DFT calculations were 

also performed by employing the CAM-B3LYP functional [26] 

that was reported to more quantitatively reproduce charge-

transfer excitation energies. [27] CAM-B3LYP provided very 

close reorganization energies to those calculated by using 

B3LYP, as described in the supporting information. 

 

Results and discussion 

Structures and ICT transitions in S0 optimized structures 

     At first, ICT transitions in the S0 optimized structures of the 

four model compounds were examined. Fig. 5 shows the 

calculated electronic-excitation spectra in the S0 optimized 

structures (Fig. 4) of the model compounds. [Ti(OH)2(H2O)2-

(µ-O)2-AA] shows two ICT electronic excitations at 566 and 

468 nm due to electronic transitions from the highest occupied 

molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO) and the second lowest unoccupied molecular 

orbital (LUMO+1), respectively. The dominant ICT excitation 

at 468 nm corresponds to the reported IPCE maximum at 400 

or 415 nm (Fig. 2(a)) in TiO2-AA.[1,2] Similarly, 

[Ti(OH)2(H2O)2-(µ-O)2-BZ] exhibits two ICT absorption bands 

at 514 and 435 nm due to the HOMO→LUMO and 

HOMO→LUMO+1 transitions, respectively. The strong 

HOMO→LUMO+1 band at 435 nm corresponds to the IPCE 

maximum at 400 nm (Fig. 2(b)) in TiO2-CA.[3] For 

[Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, three ICT excitations occur at 

514, 445, and 432 nm, which are attributed to electronic 

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

second lowest unoccupied molecular orbital (LUMO+2). The 

two dominant peaks at 445 and 432 nm correspond to the IPCE 

maximum at 460 nm (Fig. 2(c)) in TiO2-TCNQ. [9,13-15] 
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[Ti(OH)3(H2O)-(µ-OOC)-AT] shows an ICT excitation due to 

the HOMO→LUMO transition at 430 nm, which is close to the 

wavelength (440 nm) of the IPCE maximum at 440 nm (Fig. 

2(c)) in TiO2-OOC-AT.[10] Therefore, all the model 

compounds show ICT bands in the visible region consistent  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 5. Calculated electronic-excitation spectra in the S0 optimized structures of 

(a) [Ti(OH)2(H2O)2-(μ-O)2-AA], (b) [Ti(OH)2(H2O)2-(μ-O)2-BZ], (c) [Ti(OH)3(H2O)2-(μ-

O)-TCNQ]-, and (d) [Ti(OH)3(H2O)-(μ-OOC)-AT]. The electronic distributions 

(|isovalue|=0.02) of molecular orbitals in the S0 optimized structures are shown. 

Green and brown isosurfaces stand for opposite signs in amplitude. The values in 

brackets denote the contribution ratios of one-electron excitation electronic 

configurations. 

with the experimental results.[1-3,9,10,13-15] The dominant 

ICT excitations in the former three compounds are assigned to 

the higher ICT excitations. Since it is well-known that non- 

radiative relaxations from higher-energy electronically-excited 

states to the S1 state take place quite quickly within a few 

picoseconds according to the energy-gap law, the reported 

IPCE maximum values in Fig. 2 are associated with carrier  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6. Optimized structures in the S0 and S1 states of (a) [Ti(OH)2(H2O)2-(μ-O)2-

AA], (b) [Ti(OH)2(H2O)2-(μ-O)2-BZ], (c) [Ti(OH)3(H2O)2-(μ-O)-TCNQ]-, and (d) 

[Ti(OH)3(H2O)-(μ-OOC)-AT]. Bond lengths are shown in a unit of Å. Bond-length 

changes larger 0.1 Å and in the range of 0.05-0.1 Å are shown in red and orange 

numbers, respectively. Gray: carbon, white: hydrogen, blue: nitrogen, red: 

oxygen, large white: titanium atom. 

recombination from the S1 to S0 state. The calculated Etotal(S0), 

ES0(S0→S1) and S0→S1 excited-state wavefunctions are 

summarized in Table 1. 

 

Structural changes in ICT excited states 

Fig. 6 shows the optimized structures in the S0 and S1 

states of the four model compounds. Large structural changes 

between the S0 and S1 states are seen on the adsorption moieties. 

Table 1. Calculated total energies (Etotal(S0) and Etotal(S1)) in the S0 and S1optimized structures of [Ti(OH)2(H2O)2-(µ-O)2-AA], [Ti(OH)2(H2O)2-(µ-O)2-CA], 
[Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, and [Ti(OH)3(H2O)-(µ-OOC)-AT] and calculated lowest excitation energies (ES0(S0→S1)) and excited-state wavefunctions 
in the S0 optimized structures 

Model compound Etotal(S0) (eV) Etotal(S1) (eV) ES0(S0→S1) (eV) Excited-state wavefunction (contribution ratio) 
[Ti(OH)2(H2O)2-(µ-O)2-AA] -50010.3381 -50008.9356 2.19 HOMO→LUMO (100%) 
[Ti(OH)2(H2O)2-(µ-O)2-BZ] -41789.7701 -41788.0711 2.41 HOMO→LUMO (99%) 

[Ti(OH)3(H2O)2-(µ-O)-TCNQ]- -53989.6840 -53987.6132 2.41 HOMO→LUMO (100%) 
[Ti(OH)3(H2O)-(µ-OOC)-AT] -51189.5128 -51186.8800 2.88 HOMO→LUMO (98%) 
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In [Ti(OH)2(H2O)2-(µ-O)2-AA], the Ti-Obridge bond lengths 

significantly increase by 0.14 and 0.26 Å, the Obridge-C bond 

lengths decreases by 0.04 and 0.07 Å, and the adjacent C=C 

bond length increases by 0.07 Å in the S1 state, as shown by red 

and orange numbers in Fig. 6(a). Similarly, [Ti(OH)2(H2O)2-(µ- 

O)2-BZ] shows striking bond-length changes around the 

adsorption moiety in the S1 state, as shown in Fig. 6(b). On the 

other hand, in [Ti(OH)3(H2O)2-(µ-O)-TCNQ]- the Ti-O bond is 

just elongated by 0.17 Å in the S1 state, as shown in Fig. 5(c). 

[Ti(OH)3(H2O)-(µ-OOC)-AT] shows no bond lengths changes 

larger than 0.05 Å, as shown in Fig. 6(d). From these results, it 

is considered that reorganization energies in [Ti(OH)2(H2O)2-

(µ-O)2-AA] and [Ti(OH)2(H2O)2-(µ-O)2-BZ] are much larger 

than those in [Ti(OH)3(H2O)2-(µ-O)-TCNQ]- and 

[Ti(OH)3(H2O)-(µ-OOC)-AT]. The calculated Etotal(S1) values 

are tabulated in Table 1. 

Reorganization and activation energies 

Reorganization energies were estimated from Eq 3 with 

the calculated Etotal(S0), Etotal(S1), and ES0(S0→S1) in Table 1. 

As shown in Table 2, the reorganization energies in 

[Ti(OH)2(H2O)2-(µ-O)2-AA] and [Ti(OH)2(H2O)2-(µ-O)2-BZ] 

were estimated to be 0.79 and 0.71 eV, respectively. On the 

other hand, [Ti(OH)3(H2O)2-(µ-O)-TCNQ]- and 

[Ti(OH)3(H2O)-(µ-OOC)-AT] show smaller reorganization 

energies of 0.34 and 0.25 eV, respectively. This result is 

consistent with the mentioned prediction from the structural 

changes in the S1 states. Fig. 7(a) shows the relationship 

between the reported IPCE maximum values and the calculated 

reorganization energies. Interestingly, there is a certain 

correlation between the IPCE values and reorganization 

energies. The IPCE value gradually decreases in the range 

between 0.2 and 0.3 eV, and then drastically reduces in the 

range between 0.3 and 0.6 eV, and then saturates in the range 

between 0.6 and 0.8 eV, as shown by a dashed curve in Fig. 

7(a). This behavior evidently indicates that the reorganization 

energy is a key factor to determine the IPCE values. 

From the above DFT and TD-DFT calculations, the 

energy gap (∆Ecalc) was estimated as 1.4 eV for 

[Ti(OH)2(H2O)2-(µ-O)2-AA], 1.7 eV for [Ti(OH)2(H2O)2-(µ-

O)2-BZ], 2.1 eV for [Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, and 2.6 eV 

for [Ti(OH)3(H2O)-(µ-OOC)-AT], as shown in Table 2. The 

∆Ecalc values are comparable to the experimental onset energies 

(∆Eexp) of the ICT absorption bands and IPCE spectra except 

for [Ti(OH)2(H2O)2-(µ-O)2-AA]. The ∆Ecalc (1.4 eV) for 

[Ti(OH)2(H2O)2-(µ-O)2-AA] is much smaller than the reported 

IPCE onset energy (ca. 2.1 eV). [7,8] With the calculated 

reorganization energies and energy gaps, the activation energies 

(Ea
calc) for [Ti(OH)2(H2O)2-(µ-O)2-AA], [Ti(OH)2(H2O)2-(µ-

O)2-BZ], [Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, and [Ti(OH)3(H2O)-

(µ-OOC)-AT] were estimated by Eq 2 to be 0.12, 0.35, 2.2, 5.7 

eV, respectively (Table 2). Note that the estimated activation  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 7. Relationships of the reported IPCE maxima with (a) calculated  

reorganization energies and (b) calculated activation energies (squares: Ea
calc, 

circles: Ea
calc+exp) for [Ti(OH)2(H2O)2-(μ-O)2-AA] (blue), [Ti(OH)2(H2O)2-(μ-O)2-BZ] 

(green), [Ti(OH)3(H2O)2-(μ-O)-TCNQ]- (orange) and [Ti(OH)3(H2O)-(μ-OOC)-AT] 

(red). Dashed curve in (a) stands for a qualitative behaviour. Solid and dashed 

curves in (b) denote the dependences of the IPCE on the activation energy for 

carrier recombination based on the Marcus theory (Eq 6) with LHE of 0.86, 

assuming that the c factor is a constant (1×1016 and 1×1026, respectively). See 

text for detail. 

Table 2. Calculated reorganization energies (λcalc), energy gaps (∆Ecalc), activation energies (Ea
calc) estimated from λcalc and ∆Ecalc, experimental energy gaps 

(∆Eexp), and activation energies (Ea
calc+exp) estimated from λcalc and ∆Eexp in [Ti(OH)2(H2O)2-(µ-O)2-AA], [Ti(OH)2(H2O)2-(µ-O)2-CA], [Ti(OH)3(H2O)2-(µ-O)-

TCNQ]-, and [Ti(OH)3(H2O)-(µ-OOC)-AT]. 

Model compound λcalc (eV) ∆Ecalc (eV) ∆Eexp (eV) Ea
calc (eV) Ea

calc+exp (eV) 
[Ti(OH)2(H2O)2-(µ-O)2-AA] 0.79 1.4 2.1 0.12 0.54 
[Ti(OH)2(H2O)2-(µ-O)2-BZ] 0.71 1.7 2.3 0.35 0.89 

[Ti(OH)3(H2O)2-(µ-O)-TCNQ]- 0.34 2.1 1.8 2.2 1.6 
[Ti(OH)3(H2O)-(µ-OOC)-AT] 0.25 2.6 2.1 5.7 3.4 
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energies tend to be overestimated, since reorganization energies 

in TiO2 nanoparticles are not taken into account. The estimated 

activation energies show a tendency that Ea
calc increases in the 

order of AA < CA < TCNQ < AT-COOH. Activation energies 

 

 

 

 

 

 
Fig. 8. Kinetic scheme of ICT excited state dynamics. 

(Ea
calc+exp) were also calculated with the calculated 

reorganization energies ((λcalc) and experimental energy gaps 

(∆Eexp) (Table 2). Ea
calc+exp was estimated as 0.54, 0.89, 1.6, and 

3.4 eV for [Ti(OH)2(H2O)2-(µ-O)2-AA], [Ti(OH)2(H2O)2-(µ-

O)2-BZ], [Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, and [Ti(OH)3(H2O)-

(µ-OOC)-AT], respectively (Table 2). The estimated Ea
calc+exp 

increases in the order of AA < CA < TCNQ < AT-COOH 

similarly to Ea
calc. Fig. 7(b) shows the relationship between the 

IPCE values and activation energies (squares: Ea
calc, circles: 

Ea
calc+exp). A clear correlation between the IPCE values and 

activation energies is found. [Ti(OH)3(H2O)-(µ-OOC)-AT] and 

[Ti(OH)3(H2O)2-(µ-O)-TCNQ]- show the larger activation 

energies than 1.5 eV for the higher IPCE values and 

[Ti(OH)2(H2O)2-(µ-O)2-AA] and [Ti(OH)2(H2O)2-(µ-O)2-BZ] 

show the smaller activation energies than 1 eV for the low 

IPCE values. In addition, the IPCE rapidly increases around 

1.25 eV. 

 

Activation-energy dependence of IPCE 

     In order to analyse the activation-energy dependence, the 

IPCE is formulated with a simple kinetic scheme for the ICT 

excited state, as shown in Fig. 8. In the kinetic scheme, the ICT 

excited state is relaxed to the ground state by electron-hole 

recombination with a rate constant of krecom. In competition with 

the carrier recombination, the ICT excited state changes to a 

free electron-hole pair with a rate constant of kescape by 

penetration of photoinjected electrons inside of TiO2 

nanoparticles. Since free electron-hole pairs are detected as 

photocurrent, an absorbed photon-to-current conversion 

efficiency (APCE) is expressed by the following equation. 

DEF�0%3 = A??H(IJK-LI
(IJK-LIM(NIKOP

       (4) 

Since IPCE is a product of a light-harvesting quantum 

efficiency (LHE) and APCE, IPCE is described as follows. 

QEF�0%3 = A??HRS,
AM7(NIKOP/(IJK-LI9       (5) 

Substituting Eq 1 in Eq 5, the IPCE is formulated by the 

following equation. 

QEF�0%3 = A??HRS,
AM�H�UV1 W-

X)Y�
       (6) 

� = !"#
(IJK-LI$

%#

&"'()*    (7) 

The IPCE is a function of three variables of LHE, c, and Ea. 

LHE generally depends on ICT absorption coefficient in 

photovoltaic cells and optical path length enhanced by  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 9. Electronic distributions (|isovalue|=0.02) of HOMOs (left side) in the S0  

optimized structures and LUMOs (right side) in the S1 optimized structures of (a) 

[Ti(OH)2(H2O)2-(μ-O)2-AA], (b) [Ti(OH)2(H2O)2-(μ-O)2-BZ], (c) [Ti(OH)3(H2O)2-(μ-O)-

TCNQ]-, and (d) [Ti(OH)3(H2O)-(μ-OOC)-AT]. Gray: carbon, white: hydrogen, blue: 

nitrogen, red: oxygen, large white: titanium atom. Green and brown isosurfaces 

stand for opposite signs in amplitude. 

scattering effects. The reported data indicate that LHE values at 

the IPCE-maximum wavelengths are close to 1.[2,9,10] Fig. 

7(b) shows the calculated curves obtained by Eq 6 with LHE of 

0.86 and c of 1×1016 (solid curve) and 1×1026 (dashed curve)). 

It is noteworthy that the theoretical curves well reproduce the 

activation-energy dependence of the IPCE, which indicates that 

all the IPCE data in Fig. 2 is successfully explained by the 

Marcus theory. The other important point is that even with the 

much different c values the calculated IPCE curve hardly 

changes. This result indicates that the carrier recombination is 

not governed by c, but by the activation energy. Since the 

estimated activation energies predominantly depend on the 

reorganization energies, the carrier recombination can be 

suppressed by control of the reorganization energy. 

 

Origin of reorganization energy 

[ICT excited state] [free e-h pair]

[ground state]

krecom

kescape

γ
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As mentioned above, the calculated reorganization 

energies are predominantly attributed to the bond-length 

changes on the chemical adsorption moieties. In the Marcus  

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 10. Calculated S0 optimzied structures of (a) [Ti(OH)2(H2O)2-(μ-O)2-NA], (b) 

[Ti(OH)3(H2O)2-(μ-O)-TCNE]-, (c) [Ti(OH)3(H2O)2-(μ-O)-TCNAQ]-, and (d) 

[Ti(OH)3(H2O)-(μ-OOC)-NA]. Gray: carbon, white: hydrogen, blue: nitrogen, red: 

oxygen, large white: titanium atom. 

theory, the reorganization energy is given by the following 

equation. 

< = (
! ∆8=Z

!       (8) 

The chemical-adsorption strength (k) is qualitatively evaluated 

from the Ti-Obridge bond strength and the number of Ti-Obridge 

bonds. Table 4 shows the bond strengths qualitatively evaluated 

from the Ti-Obridge bond lengths in Fig. 6 and the number of Ti-

Obridge bonds in the model compounds. From this table, it is 

seen that the diol chemisorption in [Ti(OH)2(H2O)2-(µ-O)2-AA] 

and [Ti(OH)2(H2O)2-(µ-O)2-BZ] shows the stronger and more 

Ti-Obridge bonds as compared to the other compounds. Therefore, 

the k value for these model compounds is considered to be 

larger than those in the other ones. In addition, the diol 

chemisorption shows the larger Ti-Obridge bond-length changes 

(∆qs1) as compared to the other compounds. (Fig. 6) These two 

factors explain the larger reorganization energies for the diol 

chemisorption. Since the reorganization energy increases with 

the square of ∆qS1, the Ti-Obridge bond-length changes are 

considered to predominantly contribute the larger 

reorganization energies.  

The Ti-Obridge bond-length changes result from the change 

of molecular-orbital interaction on the chemisorption site in the 

S1 state. Fig. 9 shows the electronic distributions of HOMOs in 

the S0 optimized structures and LUMOs in the S1 optimized 

structures of the model compounds. It was confirmed that the 

electronic distributions of the HOMOs in the S1 optimized  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 11. Calculated reorganization energies in [Ti(OH)2(H2O)2-(μ-O)2-AA], 

[Ti(OH)2(H2O)2-(μ-O)2-BZ], [Ti(OH)2(H2O)2-(μ-O)2-NA], [Ti(OH)3(H2O)2-(μ-O)-TCNE]-, 

[Ti(OH)3(H2O)2-(μ-O)-TCNQ]-, [Ti(OH)3(H2O)2-(μ-O)-TCNAQ]-, [Ti(OH)3(H2O)-(μ-

OOC)-NA], and [Ti(OH)3(H2O)-(μ-OOC)-AT]. 

structures are almost the same as those in the S0 optimized ones. 

In the [Ti(OH)2(H2O)2-(µ-O)2-AA] and [Ti(OH)2(H2O)2-(µ-O)2-

BZ], the molecular-orbital interactions on the Ti-Obridge bonds 

are bonding for the HOMOs and anti-bonding for the LUMOs, 

respectively, as shown by red and blue dashed ellipses in Figs. 

9(a) and 9(b). On the other hand, in [Ti(OH)3(H2O)2-(µ-O)-

TCNQ]-, the HOMO has no distribution on the Ti-Obridge bond 

and the LUMO has an anti-bonding interaction, as shown in Fig. 

9(c). In [Ti(OH)3(H2O)-(µ-OOC)-AT], the HOMO has no 

distribution on the Ti-Obridge band and the LUMO has a bonding 

interaction, as shown in Fig. 9(d). These results are summarized 

in Table 4. In the case of the diol chemisorption, the molecular-

orbital interaction on the Ti-Obridge bonds drastically changes 

from bonding to antibonding. This drastic change induces the 

large bond-length changes, giving rise to the larger 

reorganization energies. 

 

Table 3. Qualitative bond strengths and numbers of Ti-Obridge bonds, molecular-orbital interactions on the Ti-Obridge bonds in HOMOs in the S0 optimized 
structures and LUMOs in the S1 optimized structures, and qualitative magnitudes of reorganization energies in [Ti(OH)2(H2O)2-(µ-O)2-AA], [Ti(OH)2(H2O)2-
(µ-O)2-CA], [Ti(OH)3(H2O)2-(µ-O)-TCNQ]-, and [Ti(OH)3(H2O)-(µ-OOC)-AT]. 

Model compound Ti-Obridge Number of 
Ti-Obridge 

Ti-Obridge molecular-orbital interaction Reorganization 
energy  

HOMO in S0 optimized structure LUMO in S1 optimized structure  
[Ti(OH)2(H2O)2-(µ-O)2-AA] strong 2 bonding anti-bonding large 
[Ti(OH)2(H2O)2-(µ-O)2-BZ] strong 2 bonding anti-bonding large 

[Ti(OH)3(H2O)2-(µ-O)-TCNQ]- strong 1 none anti-bonding small 
[Ti(OH)3(H2O)-(µ-OOC)-AT] weak 2 none bonding small 

0.79
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Organic-moiety dependence 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 12. Optimized structures and bond lengths around the coordination sites in 

the S0 and S1 states of (a) [Ti(OH)2(H2O)2-(μ-O)2-NA], (b) [Ti(OH)3(H2O)2-(μ-O)-

TCNE]-, (c) [Ti(OH)3(H2O)2-(μ-O)-TCNAQ]-, and (d) [Ti(OH)3(H2O)-(μ-OOC)-NA]. 

Bond lengths are shown in a unit of Å. Bond-length changes larger 0.1 Å and in 

the range of 0.05-0.1 Å are shown in red and orange, respectively. Gray: carbon, 

white: hydrogen, blue: nitrogen, red: oxygen, large white: titanium atom. 

In order to confirm the important role of the chemical 

adsorption, additional four model compounds with different 

aromatic moieties, [Ti(OH)2(H2O)2-(µ-O)2-NA] (NA: 

naphthalene), [Ti(OH)3(H2O)2-(µ-O)-TCNE]- (TCNE: 

tetracyanoethylene), [Ti(OH)3(H2O)2-(µ-O)-TCNAQ]- 

(TCNAQ: 11,11,12,12-tetracyanonaphthoquinodimethane), and 

[Ti(OH)3(H2O)-(µ-OOC)-NA] (Fig. 10) were examined. At first, 

TD-DFT calculations indicated that all these model compounds 

show ICT transitions, similarly to the mentioned model 

compounds. Reorganization energies for those model 

compounds were estimated from the calculated Etotal(S0), 

Etotal(S1) and ES0(S0→S1) in the same manner as the above, as 

shown in Table 4. The reorganization energies in 

[Ti(OH)2(H2O)2-(µ-O)2-NA], [Ti(OH)3(H2O)2-(µ-O)-TCNE]-, 

[Ti(OH)3(H2O)2-(µ-O)-TCNAQ]-, and [Ti(OH)3(H2O)-(µ- 

 

 

 

 

 

 

 

 
Fig. 13. Electronic distributions (|isovalue|=0.02) of HOMO and LUMO in the S0 

optimized structure of [Ti(OH)3(H2O)2-(μ-O)-TCNE]-. Gray: carbon, white: 

hydrogen, blue: nitrogen, red: oxygen, large white: titanium atom. Green and 

brown isosurfaces stand for opposite signs in amplitude. 

OOC)-NA] were estimated to be 0.69, 0.58, 0.37, and 0.23 eV, 

respectively. Fig. 11 shows the reorganization energies of all 

the model complexes studied in this work. Interestingly, it is 

found that the reorganization energy does not remarkably 

depend on the kind of organic moiety, but the kind of chemical 

adsorption except for TCNE. The diol chemisorption shows the 

larger reorganization energies of 0.69–0.79 eV. The 

nucleophilic-addition chemisorption for TCNQ and TCNAQ 

shows the moderate reorganization energies of 0.34 and 0.37 

eV. In contrast, the reorganization energy for TCNE was 

estimated as 0.58 eV remarkably larger than those for TCNQ 

and TCNAQ. On the other hand, the carboxylate chemisorption 

exhibits smaller reorganizations of 0.23 and 0.25 eV. From this 

result, it is indicated that the selection of chemical anchor is 

essential to suppress carrier recombination. It is noteworthy that 

the carboxylate chemical adsorption that has been extensively 

utilized for dye-sensitized solar cells [28,29] shows such small 

reorganization energies beneficial to suppress carrier 

recombination. 

     Fig. 12 shows the optimized structures in the S0 and S1 states 

of the added four model compounds. As shown in Fig. 12(a), 

[Ti(OH)2(H2O)2-(µ-O)2-NA] shows larger bond-length changes 

on the adsorption moiety consistent with the larger 

reorganization energy, similarly to [Ti(OH)2(H2O)2-(µ-O)2-AA] 

and [Ti(OH)2(H2O)2-(µ-O)2-BZ]. [Ti(OH)3(H2O)-(µ-OOC)-

NA] show similar bond-length changes to [Ti(OH)3(H2O)-(µ-

OOC)-AT], as shown in Fig. 12(d). On the other hand, in 

[Ti(OH)3(H2O)2-(µ-O)-TCNE]- and [Ti(OH)3(H2O)2-(µ-O)-

TCNAQ]- another structural change occurs as compared with 

[Ti(OH)3(H2O)2-(µ-O)-TCNQ]-. As shown in Figs. 12(b) and 

12(c), the dicyanomethylene group far from the coordination 

site tilts in the S1 state. Especially, in [Ti(OH)3(H2O)2-(µ-O)-

TCNE]-, the dicyanomethylene group tilts almost vertically. 

Table 4. Calculated reorganization energies (λcalc), energy gaps (∆Ecalc), activation energies (Ea
calc) estimated from λcalc and ∆Ecalc, experimental energy gaps 

(∆Eexp), and activation energies (Ea
calc+exp) estimated from λcalc and ∆Eexp in [Ti(OH)2(H2O)2-(µ-O)2-NA], [Ti(OH)3(H2O)2-(µ-O)-TCNE]-, [Ti(OH)3(H2O)2-(µ-

O)-TCNAQ]-, and [Ti(OH)3(H2O)-(µ-OOC)-NA]. The reported IPCE maximum values for the ICT transitions in TiO2-TCNE and TiO2-TCNAQ are shown. 

Model compound λcalc (eV) ∆Ecalc (eV) ∆Eexp (eV) Ea
calc (eV) Ea

calc+exp (eV) IPCEMax 
[Ti(OH)2(H2O)2-(µ-O)2-NA] 0.69 1.9 – 0.53 – – 

[Ti(OH)3(H2O)2-(µ-O)-TCNE]- 0.58 2.4 2.1 1.4 1.0 36%@490 nm 
[Ti(OH)3(H2O)2-(µ-O)-TCNAQ]- 0.37 2.0 1.6 1.8 1.0 57%@480 nm 

[Ti(OH)3(H2O)-(µ-OOC)-NA] 0.23 3.4 – 11 – – 
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Since the HOMO in the S0 optimal state has quite large 

electronic distribution with the π-bonding property on the  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 14. Relationship between the reported IPCE maxima and calculated  

reorganization energies (squares: Ea
calc, circles: Ea

calc+exp) for [Ti(OH)2(H2O)2-(μ-O)2-

AA] (blue), [Ti(OH)2(H2O)2-(μ-O)2-BZ] (green), [Ti(OH)3(H2O)2-(μ-O)-TCNE]- (water 

blue), [Ti(OH)3(H2O)2-(μ-O)-TCNQ]- (orange), [Ti(OH)3(H2O)2-(μ-O)-TCNAQ]- (dark 

yellow), and [Ti(OH)3(H2O)-(μ-OOC)-AT] (red). Solid and dashed curves denote 

the theoretical curves of the IPCE (Eq 6) with LHE of 0.86 and c  of 1×1016 and 1

×1026, respectively. 

ethylene bond, as shown in Fig. 13, the ICT transition 

significantly weakens the C=C π-bonding property and then 

results in the rotation of the dicyanomethylene group. This 

structural change increases the reorganization energy in 

[Ti(OH)3(H2O)2-(µ-O)-TCNE]-. 

     The IPCE maximum values of the TiO2-TCNE and TiO2-

TCNAQ based photovoltaic cells were reported to 36% at 490 

nm and 57% at 480 nm, respectively.[9] The IPCE data were 

plotted as a function of the calculated activation energy 

((squares: Ea
calc, circles: Ea

calc+exp)), as shown in Figure 14. The 

IPCE data of TCNE and TCNAQ are in good agreement with 

the two theoretical curves. Together with the above mentioned 

data, all the reported IPCE data were well reproduced by Eq 6. 

The reduction in the IPCE in TCNE is attributed to the 

decreased activation energy owing to the larger reorganization 

energy. On the other hand, the reorganization energy for 

TCNAQ is almost the same as that for TCNQ. The lowering of 

the IPCE results from the decrease of the activation energy due 

to the reduction of the energy gap that corresponds to the red-

shift of the ICT absorption onset [9,14]. 

 

A guiding principle for efficient photovoltaic conversion 

     The suppression of carrier recombination have been the 

significant problem for ICT transitions, as described in the 

introduction. It has been considered that electronic coupling at 

organic-inorganic interfaces not only allows for ICT transitions, 

but also opens up a channel for carrier recombination. However, 

this work revealed that the contribution of the interfacial 

electronic coupling to carrier recombination is rather small and  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 15. Potential curves of the S0 and ICT S1 states for [Ti(OH)2(H2O)2-(μ-O)2-AA], 

[Ti(OH)2(H2O)2-(μ-O)2-BZ], [Ti(OH)3(H2O)2-(μ-O)-TCNQ]-, and [Ti(OH)3(H2O)-(μ-

OOC)-AT]. 

the reorganization energy governs the carrier-recombination 

rate. The rapid carrier recombination in TiO2-CA [8] is not 

attributed to the large electronic coupling, but to the large 

reorganization energy, as shown in Fig. 15(a). On the other 

hand, TiO2-TCNQ and TiO2-OOC-AT show the smaller 

reorganization energies, suppressing the carrier recombination 

for the efficient light-to-current conversions, as shown in Fig 

15(b). Therefore, in order to accomplish efficient photovoltaic 

conversions due to ICT transitions, larger interfacial electronic 

coupling and smaller reorganization energy are required. 

 

Conclusion 

In this work, the photovoltaic conversion due to the ICT 

transitions and carrier recombination were studied based on the 

Marcus theory with DFT and TD-DFT calculations. All the so-

far reported IPCE values for the organic-to-inorganic ICT 

transitions were successfully explained in terms of the 

reorganization and activation energies. This result reveals that 

carrier recombination can be suppressed by the reduction of the 

reorganization energy, leading to the enhancement of the IPCE. 
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This knowledge is crucial for efficient photovoltaic conversion 

by ICT transitions. 
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