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ABSTRACT: The computational study of a novel charge-transfer complex as a photoactive blend  

for potential application in dye-sensitized solar cells was carried out using the semiempirical method.  

The adsorption of two natural dyes, 1S,3R,4R,5R-3-(3,4-dihydroxyphenyl)acryloyloxy)-1,4,5-

trihydroxycyclohexane carboxylic acid (DHTH) and 2-Phenyl-4H-chromen-4-one (PCO) was achieved 

independently on to 1×1×1 TiO2 crystal to form TiO2-DHTH and TiO2-PCO adsorption complexes. 

Semiempirical calculations were performed on the optimized molecules, as well as on the adsorption 

complexes, to obtain the total energies and EHOMO/ELUMO values, manifesting a flow of electron  

from DHTH/PCO to TiO2. The theoretical electronic absorption spectra calculated via ZINDO/s method 

revealed a large bathochromic shift to 810 nm and 526 nm for TiO2-DHTH and TiO2-PCO, respectively, 

indicating the formation of a charge-transfer complex. Subsequently, the co-adsorption of PCO and DHTH 

on TiO2 was accomplished with the aim to minimize the possible charge recombination in the photoactive 

blend. The semiempirical PM3 calculations evidenced high stability of the co-adsorption complex,  

TiO2-PCO-DHTH, with the total energy of -200678.578 kcal/mol. The positions of HOMO and LUMO orbitals 

as obtained from single-point energy calculations, coincided accurately with our proposition of electron 

flow in a cascade manner from DHTH to PCO and finally to TiO2. The theoretical electronic absorption 

spectrum of TiO2-PCO-DHTH evinced absorption range of 351.8-800 nm demonstrating the high potential 

of TiO2-PCO-DHTH to be used as a photoactive blend for solar cells. 
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INTRODUCTION 

Dye Sensitized Solar Cells (DSSCs) are classified  

as third generation organic solar cells because they offer 

additional functionalities such as flexibility and  

 

 

 

 

transparency, which are not offered by the first two 

generation devices built using single crystalline silicon 

(first generation) or thin films (second generation).  
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The DSSCs mimic photosynthesis process in which  

the light absorbed by a green pigment, called chlorophyll, and 

subsequent photo-induced electron transfer generate fuel 

(starch). In the DSSCs, dye molecule absorbs light and 

subsequent charge generation produces photovoltaic 

effect. They are named as bi-functional solar cells because 

of their transparency and flexibility-so that they can be used  

as windows of buildings and automobiles, and  

generation of photo-current simultaneously. Moreover, 

DSSCs could be fabricated at low cost, in different colors, 

on a transparent glass and on flexible substrates which 

have a huge potential in the commercial market, especially 

for “low-density” applications such as rooftop solar 

collector and other small electronic gadgets. Another 

important feature is its operational hours at both ambient 

light and full sun condition without much impact  

on efficiency and also its ability to work at wider angles; 

while the other traditional solar cells would fail  

at illumination below a certain range. Thus, DSSCs have  

a very low cutoff which make them more attractive field  

in the solar cell technology. The DSSCs could operate 

between 10 to 1 in a day whereas the traditional silicon 

solar cells merely operate for 6 to 8 hours [1].  

The DSSC mainly comprises of a photoanode or 

Working Electrode (WE), which is made of Metal Oxide 

Semiconductor (MOS) deposited on a Transparent 

Conducting Oxide (TCO) glass substrate (typically 

Fluorine-doped Tin Oxide, FTO), a thin layer of dye 

molecules anchored on the MOS film, an electrolyte 

solution consists of iodide-triiodide (I‒ /I3–) species,  

and the cathode substrate made of platinum coated FTO. 

When light shine on the DSSC, electrons are excited from 

the Highest Occupied Molecular Orbital (HOMO) to the Lowest 

Unoccupied Molecular Orbital (LUMO) of the anchored 

dye molecule. These excited electrons are then injected 

into the MOS, giving rise to the charge separation.  

The resulting electrons diffuse in the Conduction Band (CB) of 

the MOS and empty state (holes) in the dye molecule’s 

HOMO diffuse to the electrolyte. The free electrons 

permeate through the porous MOS and move to the 

external circuit through the FTO. After passing through  

the external circuit (load), the electrons return to the system 

to regenerate the electrolyte component that was used  

to reduce the oxidized dye molecule [2-5]. 

Several researchers are investigating the blends of 

organic and inorganic materials for their potential 

application in DSSCs. Recently ZnO based dye sensitized 

solar cells have been reported by Zhang and its group using 

Eosin Y dye with and efficiency of 1.31% [6]. High 

efficiency dye sensitized solar cells are also reported recently 

consisting of the composite materials made from TiO2, 

SnO2 and ZnO nanocrystals using N719 and N3 dyes [7-10]. 

The highest photovoltaic efficiency (IPCE) was found  

to be 61.9 % [11]. Another recent research article 

manifested a 3 % power conversion efficiency of SnO2 

based dye sensitized solar cells [12]. Similarly Sule et al. [13] 

synthesized a boron dibenzopyrromethene (dibenzo-

BODIPY)-conjugated phenothiazine dye with 

cyanoacrylic acid which showed an absorption coefficient 

of 638 nm yielded efficiency of 7.69%. Bodipy dyes [14] 

and Porphyrin [15] were also studied for application  

in DSSC. 4-(Dicyanomethylene)-2-methyl-6-(4-

dimethylaminostyryl)-4H-pyran and porphyrin dye adsorbed 

on mesostructured TiO2 have shown to produce the DSSCs 

with power conversion efficiency of 4.5 % [16]. 

The inorganic semiconductor materials such as TiO, 

ZnO and SnO2 etc.  are sensitized with dyes since  

they have a limited absorption spectrum and suffer from charge 

recombination problem [17-20]. The adsorption/co-

adsorption of suitable dyes is expected to increase  

the performance of the solar cells [21]. However, a large 

number of sensitizers have to be dealt with to find out  

the optimum electron donors. Computational methods provide 

an easy approach where many dyes can be easily tested 

without the waste of chemicals to find out the best working 

material for DSSCs [22]. The selected dyes can then be used 

to fabricate the solar cell materials in laboratory.  

An extensive research is going on using computational 

techniques like Density Functional Theory (DFT) in this 

respect [23-27]. However, we have utilized a less time 

consuming and easy semi-empirical method using 

Hyperchem Professional 08 software [26, 28] to evaluate 

the potential of a novel complex for application in hybrid 

solar cells. 

In the present work we have employed two dyes 

namely (1S, 3R, 4R, 5R-3-(3, 4-dihydroxyphenyl) 

acryloyloxy)-1, 4, 5-trihydroxycyclohexane carboxylic 

acid (DHTH) and 2Phenyl-4H-chromen-4-one (PCO)  

to form a co-adsorption complex on to 1×1×1 TiO2 crystal. 

The total energy, EHOMO/ELUMO values and spectroscopic 

properties of the complex were evaluated to get insight  

into the stability and absorption spectrum of the co-adsorption 
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complex to find out its potency for application in hybrid 

solar cells. 

 

EXPERIMENTAL SECTION 

The dyes used for adsorption on TiO2 include 

(1S,3R,4R,5R-3-(3,4-dihydroxyphenyl) acryloyloxy)-

1,4,5-trihydroxycyclohexane carboxylic acid (DHTH) and 

2-Phenyl-4H-chromen-4-one (PCO). Semiempirical PM3 

method was employed to optimize the compounds  

by selecting ‘Polak Ribiere’ algorithm and RMS gradient 

of 0.1 kcal/Å Mol (75 maximum cycles). Single point energy 

calculations were performed using PM3 method to obtain 

EHOMO/ELUMO and total energy of the molecules. 

Theoretical electronic absorption spectra were predicted 

by selecting ZINDO/1 and ZINDO/s options of the 

semiempirical method using 3 occupied and 3 unoccupied 

electrons. Hyperchem Professional 08 was employed  

for all computational measurements. 

 

RESULTS AND DISCUSSION 

The chemical adsorption of dyes (1S,3R,4R,5R-3-(3,4-

dihydroxyphenyl) acryloyloxy)-1,4,5-trihydroxycyclohexane 

carboxylic acid (DHTH) and 2-Phenyl-4H-chromen-4-one 

(PCO) (Scheme 1) was first performed independently  

on to TiO2 crystal to form adsorption complexes designated 

as TiO2-DHTH and TiO2-PCO respectively in the 

forthcoming section. The choice of the dyes was made 

based on their HOMO and LUMO energy values  

as obtained from the computational calculations.  

For this purpose, the molecules were first optimized and subjected 

to single point energy calculations using semiempirical 

PM3 method. These calculations provided us the total 

energies and EHOMO/ELUMO values enabled us to predict 

electron flow in a cascade manner from DHTH to PCO  

and finally to TiO2. The energy level diagram is represented 

in Scheme 1. 

The graphical representation of the HOMO and LUMO 

of PCO and DHTH obtained through single point energy 

calculations is displayed in Fig. 1. 

The spectroscopic properties of un-adsorbed dyes  

were also evaluated to see the effect of adsorption afterwards, 

by calculating the theoretical electronic absorption spectra 

for PCO and DHTH independently, through ZINDO/s  

and ZINDO/1 option of the semiempirical method (Fig. 2).  

The calculated absorption spectra via ZINDO/s method 

revealed the highest wavelength absorption peak at 281 nm 

for PCO, closer to the literature quoted absorption peaks 

of the related compounds (see Fig. 2) [29, 30]. The 

theoretical absorption spectrum obtained by selecting 

ZINDO/1 option of the semiempirical method, displayed 

λmax and highest absorption at 141 nm, contradicting  

with the literature quoted values and establishing that ZINDO/s 

is more accurate in predicting the spectroscopic properties 

of the molecules . Similarly, we calculated the absorption 

spectrum for pristine DHTH molecule using both 

ZINDO/s and ZINDO/1 options of the semiempirical 

method and compared the theoretical results with  

the literature reported values of the closely related 

compounds. The absorption peaks of DHTH were located 

in the range of 181-288 nm by employing ZINDO/s option, 

proximate to the literature quoted values [31, 32] whereas 

ZINDO/1 option resulted in an absorption spectrum  

in the range of 124-145 nm. We therefore choose ZINDO/s 

option to further investigate the spectroscopic properties of 

the adsorption complexes of dyes on TiO2.  The absorption 

spectrum was also obtained for pristine TiO2 crystal 

displaying λmax at 191.5 nm and a minor absorption peak 

at 519 nm (see Fig. 2). 

After evaluating the electrochemical and optical 

properties of the dyes and TiO2 independently,  

we investigated the adsorption of each dye on TiO2.  

The adsorption of PCO on TiO2 was accomplished  

via attachment with doubly bonded oxygen. For this purpose, 

one of the double bonds was removed and oxygen  

was bonded with Ti4+ of TiO2 crystal. The adsorbed structure, 

designated as TiO2-PCO, was then optimized, and single 

point energy calculations were performed to obtain  

the total energy of the adsorbed structure (see Fig. 3) which 

was found to be -89957.539 kcal/mol. Similarly, DHTH 

was also adsorbed separately on TiO2 via -OH group where 

proton was removed, and oxygen was bonded with Ti4+  

of TiO2 crystal (ref. Fig. 3). The resulting adsorbed 

complex was labelled as TiO2-DHTH. The total energy  

of TiO2-DHTH, determined using single point energy 

calculations, was found to be -142588.156 kcal/mol.  

It is to be noted that the total energy of the complex 

TiO2-DHTH is much more negative compared to the TiO2-

PCO predicting the former to be more stable as compared 

to the latter. The high stability could be attributed  

to the facile -O-Ti bonding in the adsorption complex formed 

using DHTH where the proton of -OH can be easily 

removed, as in the case of PCO, the double bond has to 
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Scheme 1: The energy level diagram showing a cascade flow of electrons from DHTH to PCO and finally  

to TiO2 based on EHOMO/ELUMO values obtained using semiempirical PM3 calculations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1: The graphical representation of the HOMO (a) and LUMO (b) of PCO and HOMO  

(c) and LUMO (d) of DHTH. 
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Fig. 2: Theoretical electronic absorption spectra of PCO, DHTH and TiO2 obtained using semiempirical ZINDO/s method. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3: The graphical representation of the HOMO (a) and LUMO (b) of TiO2-PCO and HOMO (c) and LUMO (d) of TiO2-DHTH. 

 

converted to single bond for -O-Ti bonding and 

considerably less facile. 

The spectroscopic properties of the adsorption 

complexes TiO2-PCO and TiO2-DHTH were evaluated 

using semiempirical ZINDO/s method. The theoretical 

electronic absorption spectra of the two adsorption 

complexes obtained in this way are displayed in Fig. 4  

and can be compared with the absorption spectra of  

un-adsorbed dyes. It is interesting to note that the absorption 

spectrum of TiO2-PCO is considerably red shifted with  

the absorption extending up to 526 nm as compared  

to the absorption of un-adsorbed PCO (281 nm).   

The considerable red shift might be the result of charge 

transfer from PCO to TiO2 resulting in charge transfer 

transitions [33]. The theoretical absorption spectrum of 

TiO2-DHTH also shows large red shift up to 810 nm  

as compared to the 288 nm of the un-absorbed dye. The large 

red shift is a strong indication of charge transfer between 
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Fig. 4: The theoretical electronic absorption spectra of TiO2-PCO and TiO2-DHTH determined using semiempirical ZINDO/s method. 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 5: The graphical representation of the HOMO (left) and LUMO (right) of TiO2-PCO-DHTH manifesting  

the electron transfer from DHTH to PCO. 

 

dye and TiO2 [34]. The extension of the absorption range 

shows the high potential of these dyes to be used in DSSCs.  

Subsequently we investigated the co-adsorption  

of PCO and DHTH on 1×1×1 TiO2 crystal to evaluate  

the spectroscopic properties of the resulting complex, 

designated as TiO2-PCO-DHTH in the forthcoming 

sections. The aim of co-adsorption in hybrid solar cells  

is to cover the broad absorption range as well as reduce  

the charge recombination rate which is a major setback  

in achieving high efficiency. The co-adsorption was achieved 

by attaching PCO with Ti4+ of TiO2 via doubly bonded 

oxygen after breaking one bond, and DHTH to the other Ti4+ 

of TiO2 via -OH group after removing proton. The total 

energy of the complex obtained from single point energy 

calculation was found to be -200678.578 kcal/mol.  Based 

on the total energy values we can predict and compare the 

stabilities of TiO2-PCO, TiO2-DHTH and TiO2-PCO-

DHTH where the co-adsorption complex is found to be 

more stable owing to the most negative total energy. 

The graphical representation of the HOMO and LUMO 

orbitals in TiO2-PCO-DHTH is manifested in Fig. 5. It is 

very interesting to note that the location of the orbitals 

coincides accurately with our proposition of electron flow 

in a cascade manner from DHTH to PCO and finally  

to TiO2. This can be understood by considering TiO2-PCO-

DHTH as one moiety where HOMO is located on the 

DHTH side of the molecule whereas the LUMO is situated 

on the PCO structure. 

The spectroscopic properties of the co-adsorption 

complex were then determined by calculating theoretical 

electronic absorption spectrum where λmax was found to be 

located at 803 nm (see Fig. 6). The absorption range of the 

co-adsorption complex was evidenced to be in the range of 

351.8-800 nm covering the most part of the visible light.   

 
CONCLUSIONS 

 The co-adsorption of two dyes namely 

(1S,3R,4R,5R-3-(3,4-dihydroxyphenyl) acryloyloxy)-

1,4,5-trihydroxycyclohexane carboxylic acid (DHTH) and 

2-Phenyl-4H-chromen-4-one (PCO) was achieved on 

1×1×1 TiO2 crystal structure and its electrochemical  
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Fig. 6: The theoretical electronic absorption spectra of  

TiO2-PCO-DHTH determined using semiempirical ZINDO/s method. 

 

and spectroscopic properties were evaluated using semi-

empirical computational method.  

 It was found that the co-adsorption complex formed 

by the simultaneous adsorption of two dyes on TiO2 

resulted in a photoactive charge transfer complex where 

electron transfer can take place in a cascade manner from 

DHTH to PCO to TiO2.  

 The spectroscopic analysis shows a broad absorption 

range of the material up to 803 nm demonstrating its high 

potential for application in hybrid solar cells.  

 The stability of the materials was evident from large 

negative total energy of be -200678.578 kcal/mol as 

obtained from the single point energy calculations. 

 

Nomenclature 

DHTH                       (1S,3R,4R,5R-3-(3,4-dihydroxyphenyl)  

    acryloyloxy)-1,4,5-trihydroxycyclohexane carboxylic acid 

PCO                                        2-Phenyl-4H-chromen-4-one 

TiO2-DHTH           (1S,3R,4R,5R-3-(3,4-dihydroxyphenyl)  

                         acryloyloxy)-1,4,5-trihydroxycyclohexane  

                                        carboxylic acid adsorbed on TiO2 

TiO2-PCO                             2-Phenyl-4H-chromen-4-one  

                                                                 adsorbed on TiO2 

TiO2-PCO-DHTH                             2-Phenyl-4H-chromen-

4-one and (1S,3R,4R,5R-3-(3,4-dihydroxyphenyl)acryloyloxy)- 

1,4,5-trihydroxycyclohexane carboxylic acid adsorbed on TiO2 

HOMO                          Highest occupied Molecular orbital 

LUMO                       Lowest Unoccupied Molecular orbital 
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