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Abstract. A computational investigation of some novel charge transfer complexes,
prepared by the adsorption of dyes on SnO2 and ZnS, was carried out using semiempirical
PM3 method. Natural dyes Chlorogenic acid (DTC) and Flavone (PHC) were adsorbed
on 1� 1� 1 SnO2 and ZnS crystals to form SnO2-DTC, SnO2-DTC-PHC, and ZnS-DTC
adsorption complexes. The electronic absorption spectra calculated using PM3 method
showed a large bathochromic shift to 958 nm and 577 nm for SnO2-DTC and SnO2-
DTC-PHC, respectively, suggesting the charge transfer complex formation. Moreover,
the bandgap was reduced to 1.29 and 2.15 eV as compared to 3.4 eV of pristine SnO2.
Subsequently, the adsorption of DTC on ZnS was accomplished and calculations were
performed to determine the spectroscopic properties of the complex, where a considerable
red shift was observed for ZnS-DTC as well. The semiempirical PM3 calculations pointed
to stability of SnO2-DTC, SnO-DTC-PHC, and ZnS-DTC as predicted from negative
adsorption energy values. The energies of Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO) determined from single-point energy
calculations were concomitant with the proposed photocatalytic mechanisms.
© 2022 Sharif University of Technology. All rights reserved.

1. Introduction

Semiconductor oxides, particularly TiO2, have been
widely studied as photoactive material for numer-
ous photocatalytic applications. The photocatalytic
properties of semiconductor oxides are due to the
suitable bandgap where electrons can be excited by
the absorption of light creating electron-hole pairs.
The photogenerated electron-hole pairs can reduce
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and oxidize other compounds by various mechanisms.
Commonly studied semiconductor oxides include TiO2,
ZnO, CdS, WO3, ZnS, SnO2, NiO, etc. However, due
to the higher bandgap of most of the semiconductor
oxides, visible light absorption and the activity of the
photocatalyst are limited. This can be compensated
by sensitization of the semiconductor oxide surface
with dyes that absorb in the visible region form-
ing complex molecules that have a wide absorption
spectrum [1]. Such a photocatalyst is of immense
signi�cance in the present world as a renewable energy
source for numerous applications such as photocat-
alytic water splitting, water puri�cation, degradation
of waste dyes, photocatalytic organic transformations,
and dye sensitized solar cells. In this regard, many
researchers have undertaken experimental and com-
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putational research to investigate dyes that can be
employed as suitable sensitizers [2,3]. A recent article
has reported an arti�cial Z-scheme constructed using
HCa2Nb3O10 nanosheets sensitized by a Ru(II) tris-
diimine type photosensitizer [4] employed for water
splitting through the absorption of visible light. A high
apparent quantum yield of 2.4% was reported at 420
nm. Another recent article explored the evolution of
H2 as a result of photocatalytic water splitting using
Cu2WS4 nanocubes and Cu2WSe4 nanosheets sensi-
tized with eosin-Y and triethanolamine [5] reporting
hydrogen evolution rates of 1260 �mol/g/h and 861
�mol/g/h for two materials, respectively. Another
research group investigated the photocatalytic activity
of TiO2 sensitized with Mangosteen, a natural dye,
for degradation of Methylene blue [1]. The percentage
of the degradation of methylene blue was studied by
varying pH and catalyst amounts with the highest
age degradation of 52.7% at pH 6.6 and 0.75 g/L of
the photocatalyst [1]. TiO2 sensitized with natural
dye obtained from spinach has been investigated in
another recent article with about 60% reduction of
methylene blue over a 2-hr time horizon [6]. Recent
research has explored the enhancement of H2 evolution
and molecular oxygen activation via dye sensitized
BiOBr0:9 I0:1 under visible light.

Many authors have also reported photocatalytic
degradation of waste materials using dye sensitized
semiconductor oxides such as TiO2, WO3, and ZnO [7{
11]. The applications of photocatalysts are not limited
to water splitting and degradation; rather, they are
evaluated for their potential in water puri�cation [12].
Bandgap engineering of semiconductor oxides using
dyes as sensitizers is one of the most researched topics
nowadays owing to its many applications [13{15].

The present research is focused on the computa-
tional investigation of novel charge transfer complex
prepared by the adsorption and co-adsorption of two

dyes on SnO2 and ZnS crystals, independently. The
electrochemical and spectroscopic properties of the
materials were predicted using semiempirical PM3
method in Hyperchem. The results demonstrated the
signi�cant enhancement of visible light absorption after
dye sensitization of SnO2 and ZnS, ensuring that the
material can serve as an e�cient photocatalyst for vari-
ous applications. The dyes exploited for adsorption are
Chlorogenic acid (DTC) and Flavone (PHC) forming
novel charge transfer complexes with ZnS or SnO2 that
have not been reported previously to the best of our
knowledge.

2. Materials and methods

Chlorogenic acid-based dye (DTC) and Flavone (PHC)
were chosen for physical adsorption on SnO2 and ZnS
crystals. Semiempirical PM3 method was utilized to
optimize the compounds by selecting `Polak Ribiere'
algorithm and RMS gradient of 0.1 kcal/�AMol (75
maximum cycles) [16] owing to their simplicity and
fast results. Single-point energy calculations were
performed using PM3 method. Electronic absorption
spectra were calculated through PM3 method �xing
3 occupied and 3 unoccupied electrons. Hyperchem
Professional 08 was employed for all computational
measurements [16].

3. Results and discussion

Computational studies were performed using chloro-
genic acid (DTC) and avone (PHC), given in
Nomenclature, as their IUPAC names on SnO2 and
ZnS crystals independently. The physically adsorp-
tion (Scheme 1) was �rst performed independently on
1�1�1 SnO2 crystal to form adsorption complexes rep-
resented as SnO2-DTC and SnO2-PHC, respectively,
in the upcoming section. The key to the selection of

Scheme 1. The comparative energy level diagram of dyes and semiconductor oxides before adsorption obtained using
semiempirical PM3 calculations.
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dyes is their highest and lowest occupied energy values,
which are determined computationally as well. As
the �rst step of this adsorption study, the molecules
were optimized and then, subjected to single-point
energy calculations by selecting semiempirical PM3
method [16]. From these calculations, we obtained
the total energies and EHOMO/ELUMO values that in
turn enabled us to predict electron excitation and
recombination with holes, which will be discussed in
Subsection 3.1 in detail. The comparative energy
level diagram of dyes and semiconductor oxides before
adsorption is shown in Scheme 1.

The positions of Highest Occupied Molecular
(HOMO) and Lowest Unoccupied Molecular Orbital
(LUMO) orbitals are of prime importance in dye
adsorption on semiconductor oxide materials. This is
because upon irradiation with sunlight, the electrons
in dye molecules are excited from HOMO to LUMO
energy level [17]. The excited electrons in the LUMO
of dye molecules can move to the Conduction Band
(CB) of the semiconductor oxide if it is located below
the LUMO of the dye molecules or can be utilized
for reduction of chemical species [18,19]. The relative
positions of HOMO/LUMO of dyes and CB/VB of
semiconductor material are also of great signi�cance
to generate a strong redox potential. Lower charge
recombination rates are also desired for better photo-
catalytic activity so that electrons in the LUMO can
be utilized.

To evaluate the potential of dyes as sensitizers,
electronic absorption spectra were calculated for DTC
and PHC independently as well as after adsorption on
SnO2. The theoretical electronic absorption spectra
of SnO2 and DTC are displayed in Figure 1. It
can be seen that �max is located at 230 for SnO2;
however, small absorption peaks were also observed at
higher wavelengths, extending the absorption range to
363 nm.

DTC exhibited a group of peaks located between
190{340 nm with �max at 228 nm. Both SnO2 and DTC
seem to be absorbed in the UV region before complex
formation. According to the literature, SnO2 has an
approximate bandgap of 3.6 eV [20] corresponding to
345 nm of the wavelength of light. The theoretical
absorption spectrum of SnO2 predicts the band gap of
3.4 eV, close to the literature quoted value. Adsorption
of DTC dye was done on SnO2 with the aim of
improving the visible light absorption of the material.
The ability of dyes to adsorb on the surface of semi-
conductor oxides by anchoring groups such as -OH is a
well-known phenomenon, as reported in the literature
[21{24]. DTC adsorption on SnO2 was accomplished
via attachment to oxygen of the -OH bond. For
this purpose, H atom was removed and oxygen was
bonded with Sn4+ of SnO2 crystal. The resulting
complex, represented as SnO2-DTC, was subjected

Figure 1. Calculated electronic absorption spectra of (a)
SnO2 and (b) DTC determined using semiempirical PM3
method.

to single-point energy calculations after optimization
to obtain the total energy of the resulting complex
and HOMO/LUMO energy values (see Table 1) [16].
The energy of SnO2-DTC complex was found to be {
141407 kcal/mol. The large negative value manifests
the stability of the complex between SnO2 and DTC.
Furthermore, we also determined the adsorption energy
of SnO2-DTC using the formula Eads = EComplex-
(Eadsorbate + Eadsorbent) [25{27], giving a value of {
408.2 kcal/mol. Again, the negative adsorption energy
suggests the feasibility of the hypothetical complex
between SnO2 and DTC. The location of HOMO and
LUMO (see Figure 2) manifests a charge transfer from
DTC to SnO2 forming a charge transfer complex that
is also con�rmed from the theoretical electronic absorp-
tion spectrum and will be discussed in the forthcoming
part.

We then proceed to adsorb PHC on SnO2 along
with DTC to form a co-adsorption complex designated
as SnO2-DTC-PHC. PHC was coordinated with the
other Sn4+ of SnO2 crystal via doubly bonded oxygen.
For this purpose, the double bond of the oxygen on
PHC was broken and a new bond was formed between
Sn4+ of SnO2 and -O of PHC.

Single-point energy calculations were performed
on the co-adsorption complex to obtain the total energy
and HOMO/LUMO of the co-adsorption complex.
To get insight into the stability of the hypothetical
co-adsorption complex, we calculated the adsorption
energy of SnO2-DTC-PHC using the previously stated
formula. The adsorption energy was found to be �407
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Table 1. Parameters obtained from computational calculations using semiempirical PM3 method.

Molecule Total energy
(kcal/mol)

Adsorption energy
(kcal/mol)

EHOMO

(eV)
ELUMO

(eV)
�max

(nm)
Spectral range

(nm)
SnO2 {30733.20 { {9.09 {2.55 230 230{363
DTC {111082 { {8.97 {0.86 228 190{340
PHC {58041 { {9.30 {0.89 256 161{285

SnO2-DTC {141407 {408.2 {5.62 {2.90 350 270{958
SnO2{DTC{PHC {199449 {407.2 {5.58 {2.75 568 354{577

ZnS {20064 { {9.36 {3.27 347 347{644
ZnS{DTC {130751 {395 {6.19 {2.67 400 305{821

ZnS{DTC{PHC {195425 +6238 {6.50 {3.04 500 281{765

Figure 2. The representation of (a) HOMO and (b)
LUMO of SnO2-DTC.

kcal/mol, very close to SnO2-DTC, manifesting the
feasibility of the complex formation (see Table 1).

The graphical representation of HOMO/LUMO is
displayed in Figure 3. It can be seen that HOMO is
located on DTC, while LUMO is located partially on
PHC and SnO2, evincing that the excited electrons in
DTC can provide a reduction site whereas SnO2 and
PHC can serve as the oxidation site in photocatalysis.

Furthermore, the spectroscopic properties of the
adsorption complexes SnO2-DTC and SnO2-DTC-
PHC, as displayed in Figure 4, can be compared with
the absorption spectrum of pristine SnO2 (see Figure
1(a)). It is interesting to note that the electronic
absorption spectrum of SnO2-DTC is substantially red
shifted extending the absorption range up to 958 nm as
compared to the absorption of pristine SnO2 (230{363
nm). The bandgap of the hypothetical complex can
also be estimated from the highest wavelength peak

Figure 3. The graphical representation of (a) HOMO
and (b) LUMO of SnO2-DTC-PHC.

Figure 4. The calculated electronic absorption spectra of
(a) SnO2-DTC and (b) SnO2-DTC-PHC obtained using
semiempirical PM3 method.
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(i.e., 958 nm) by using the relation hc=� = E, which
comes out to be 1.29 eV much lower than pristine
SnO2. It is to be noted that the optimal bandgap
for dye-sensitized solar cells is reported to be 1.3 eV
for maximum obtainable e�ciency [28]. This suggests
that SnO2-DTC can serve as an excellent photoactive
material in dye-sensitized solar cells.

The tremendous red shift suggests the formation
of a strong charge transfer complex between SnO2 and
DTC [29]. The theoretical absorption spectrum of co-
adsorption complex SnO2-DTC-PHC also shows large
red shift up to 577 nm. Bandgap estimation from
the absorption spectrum of SnO2-DTC-PHC shows a
decline from 3.4 eV of pristine SnO2 to 2.15 eV of the
co-adsorption complex. The extension of the absorp-
tion range and bandgap reduction clearly demonstrate
the high potential of the materials in photocatalytic
applications such as photocatalytic degradation of
waste materials, water splitting, water puri�cation,
and photocatalytic organic transformation as well as
in sensitized solar cells.

Subsequently, we investigated the adsorption and
co-adsorption of DTC and PHC on 1 � 1 � 1 ZnS
crystal to evaluate the spectroscopic properties of the
resulting complex. DTC was �rst adsorbed on ZnS
crystal via -OH group of DTC by removing the proton
and attaching it to one of the Zn atoms of the crystal.
Semiempirical PM3 calculations were performed on
the optimized complex to obtain the total energy and
HOMO/LUMO energy values. The total energy value
was employed to calculate the adsorption energy of the
complex, which was found to be �395 kcal/mol, close
to the adsorption energy of the earlier complexes. The
negative adsorption energy indicates the feasibility of
the complex formation between ZnS and DTC. The
complex formed by the co-adsorption of DTC and
PHC on ZnS crystal was also prepared and single-
point energy calculations were performed. However,
the adsorption energy for ZnS-DTC-PHC complex was
found +6238 kcal/mol, pointing to the instability of the
co-adsorption complex; therefore, further calculations
were performed only on ZnS-DTC complex.

Figure 5. The representation of (a) HOMO and (b)
LUMO of ZnS-DTC, suggesting electron transfer from
DTC to ZnS.

The graphical representation of the HOMO and
LUMO orbitals in ZnS-DTC is shown in Figure 5.
HOMO is located on DTC representing probable re-
duction site, whereas LUMO is located on ZnS that can
serve as the oxidation site in photocatalytic processes
(see Scheme 2).

The theoretical electronic absorption spectrum
was then calculated for pristine ZnS as well as ZnS-
DTC. ZnS displayed absorption bands between 347{
644 nm; however, the absorption peaks in the visi-
ble region were of very low intensity (Figure 6(a)).
After adsorption of DTC, the spectrum exhibited a
bathochromic shift to 821 nm with high intensity peaks
in the visible range as compared to pure ZnS (see
Figure 6(b)). This provided a bandgap of 1.5 eV for
ZnS{DTC, making it a much suitable candidate as
photoactive material in dye-sensitized solar cells.

Scheme 2. Proposed photocatalytic mechanism for SnO2-DTC and SnO2-DTC-PHC.
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Figure 6. The calculated electronic absorption spectra of
(a) ZnS and (b) ZnS-DTC obtained using semiempirical
PM3 method.

3.1. Photocatalytic mechanisms
Numerous photocatalytic mechanisms shave been pro-
posed by researchers for photocatalytic processes. Yet,
we believe s-scheme to be most appropriate for photo-
catalytic processes such as water splitting and degra-
dation of dyes. For instance, in SnO2-DTC, electrons
can be excited by absorbing UV and visible light
from the LUMO to HOMO of DTC. Simultaneously,
electrons can also be excited from Valence Band (VB)
to CB of SnO2 by absorbing light. As a result of this
excitation, holes are created in LUMO of DTC and
VB of SnO2. The excited electrons in the HOMO of
DTC can cause the reduction of the species [8]. On
the other hand, the holes in VB of SnO2 cause the
oxidation process to occur. During this process, the
fruitless electrons in the CB of SnO2 can be combined
with the fruitless holes in the LUMO of DTC, causing a
strong redox potential [30]. Although electron transfer
can take place from the LUMO of DTC to the CB
of SnO2, as proposed in other schemes, such electron
transfer may not be copious due to electron-electron
repulsion [8]. Moreover, for water splitting reactions
to take place, the bandgap structure of the material is
very important and a minimum bandgap of 1.23 eV is
required [8]. According to our calculation, the bandgap
of SnO2-DTC is 1.29 eV as determined from theoretical
electronic absorption spectrum; therefore, the material
can serve as a photocatalyst for the water splitting
process, oxidizing water to O2 and reducing H+ to H2
(see Scheme 2). Photocatalytic degradation of dyes can
be achieved by the generation of OH� radicals from

water molecules at the oxidation site of the material
which can, in turn, degrade the pollutants [8].

ZnS-DTC can depict a similar photocatalytic
mechanism as SnO2-DTC. In SnO2-DTC-PHC, elec-
trons can be excited by UV and visible light to the
HOMO/CB of the DTC, PHC, and SnO2. The
electrons in the HOMO of DTC can serve to reduce
the species such as H+, whereas the holes created
in the VB of SnO2 as well as LUMO of PHC can
serve to oxidize species such as water (see Scheme
2). This is also complimented by Figure 3 where
we can see the density of HOMO lying primarily
on DTC and density of LUMO lying on SnO2-PHC
junction after forming the co-adsorption complex. The
incorporation of PHC was done to further enhanced the
absorption range; however, we have seen that SnO2-
DTC has a wider absorption range than SnO2-DTC-
PHC; therefore, the former can serve comparatively
better in photocatalysis.

In addition to the photocatalytic water splitting
and degradation, these materials can serve as photoac-
tive materials in dye sensitized solar cells. The mech-
anism of electron production by excitation of UV and
visible light is the same; however, the excited electrons
travel through the external circuit and thus, generate
electricity instead of being used up in reduction. SnO2-
DTC and ZnS-DTC are expected to produce good
e�ciency in dye sensitized solar cells owing to their
large absorption range and suitable bandgap [28].

4. Conclusion

The following conclusions were drawn from the present
computational study:

� The adsorption and co-adsorption of chlorogenic
acid-based dye (DTC) and Flavonve (PHC) were
investigated computationally on 1 � 1 � 1 SnO2
and ZnS crystal using semi-empirical PM3 method
and its electrochemical and spectroscopic properties
were evaluated;

� Semiempirical PM3 calculations on DTC-SnO2 pho-
toactive complex indicated charge transfer complex
formation as evident from the theoretical electronic
absorption spectrum. The spectral range was en-
hanced to 958 nm as compared to 363 nm of pristine
SnO2 and bandgap of SnO2-DTC was reduced to
1.29 eV;

� The co-adsorption of DTC and PHC on SnO2
displayed the visible light absorption up to 577 nm
compared to 363 nm of pristine SnO2 with bandgap
of 2.15 eV;

� The theoretical electronic absorption spectrum
of ZnS-DTC photoactive complex exhibited a
bathochromic shift to 821 nm with high intensity
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peaks in the visible range as compared to pure ZnS.
However, ZnS-DTC-PHC complex was found to be
unstable as evinced from the positive adsorption
energy values;

� The escalation of the visible light absorption in
SnO2-DTC, SnO-DTC-HC, and ZnS-DTC complex
suggests that they can serve as a potential photoac-
tive material in various applications such as pho-
tocatalytic water splitting, degradation of wastes
materials, photocatalytic organic transformations,
and dye sensitized solar cells.
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Nomenclature

DTC (1S,3R,4R,5R-3-(3,4-
dihydroxyphenyl) acryloyloxy)-1,4,5-
trihydroxycyclohexan e carboxylic
acid

PHC 2-Phenyl-4H-chromen-4-one
SnO2{DTC DTC adsorbed on SnO2

SnO2{PHC PHC adsorbed on SnO2

SnO2{PHC{ PHC and DTC both adsorbed on SnO2

DTC
HOMO Highest Occupied Molecular Orbital
LUMO Lowest Unoccupied Molecular Orbital
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