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A theoretical investigation on the photochemical
performance of hybrid dye-sensitized solar cells
based on Keggin-type polyoxometalates

Maryam Fallah, Bahram Yadollahi {2 * and Reza Omidyan

Polyoxometalates (POMs) are versatile inorganic compounds that can be integrated into hybrid materials
due to their unique properties, which allow them to interact effectively with organic components. In this
study, we designed a series of donor—acceptor (D—A) type hybrids in which dithieno[3,2-b:2',3'-d]
pyrrole (DTP)-derived building blocks served as donors and the Keggin-type POM acted as the acceptor
moiety. The electronic structures, UV-visible absorption spectra, and photovoltaic properties of these
hybrid compounds, along with their potential applications in n-type dye-sensitized solar cells, were
investigated using density functional theory (DFT) and time-dependent DFT methods. Key parameters
such as excitation energies (E.e;), maximum absorption wavelengths (Ana), oscillator strengths (f),
charge-transfer percentages, local excitation percentages, and Ar values for the principal molecular
orbitals were systematically computed. To better understand intramolecular charge-transfer processes,
natural transition orbitals and the charge density differences between the excited state and the ground
state were analyzed. Research shows that among the 12 designed hybrid compounds, TD/POM, SN5/
POM, DTP/POM, and DBTP/POM exhibited the highest Ar and CT charge values, making them the most
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Introduction

The energy crisis, one of the most pressing challenges of the
current world, has led to a higher demand for alternative energy
sources. Solar energy has emerged as a preferred choice due to
its eco-friendly nature and ability to be converted into electricity
using the photovoltaic effect."” There has been a significant
focus on dye-sensitized solar cells (DSSCs) due to their potential
benefits, such as affordability and simple manufacturing
compared to silicon and other inorganic semiconductor-based
solar devices.* A DSSC mainly comprises a semiconductor
material, an electrolyte, and a dye sensitizer. Considering the
vital role of the dye in DSSCs, substantial efforts have been
focused on enhancing power conversion efficiencies by
designing and synthesizing various dyes.* In 1991, Grétzel and
colleagues made significant advancements in dye-sensitized
solar cells by utilizing a titanium oxide (TiO,) electrode coated
with a monolayer of dye molecules, achieving a notable effi-
ciency of 7%.°> To enhance the light-harvesting capacity of
sensitizers, it is crucial to adjust molecular configurations to
broaden the range and strength of sunlight absorption. Thus,
researchers have embarked on various endeavors to synthesize
and explore different sensitizers, aiming to further improve the
power conversion efficiency of these solar cells.®
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effective sensitizers for dye-sensitized solar cells due to their superior LHE and high Voc.

Polyoxometalates (POMs) are transition metal oxide clusters
composed of d° or d' metal ions interconnected by oxygen
atoms. They have been extensively studied, and numerous
POMs have been synthesized using metals such as Mo, W, V,
and Nb.”® They exhibit a wide range of structural diversity, and
due to their remarkable electronic characteristics, POMs show
great promise in diverse fields, such as catalysis, medicine,
biology, and optics.*'® Moreover, POMs can accept and transfer
electrons while maintaining structural integrity, making them
highly valuable in photovoltaics."* Research findings suggest
that the distinctive redox stability of the Keggin structure
enables certain POMs within this family to accommodate up to
24 electrons. Keggin-type [XMo01,040]" ", clusters can undergo
reduction by 12 electrons. This has been substantiated through
both theoretical and experimental investigations, facilitating
their application in battery cathodes.*?

POMs can serve as inorganic components for creating hybrid
materials with organic constituents. This combination allows
for synergistic interactions between POMs and organic
compounds, improving the overall properties and functional-
ities of the produced materials.**** The introduction of organic
species to the POM clusters leads to significant d- interaction
between the delocalized w-electrons of the organic molecules
and the d-electrons of the cluster. Compared to the organic
segments or POMs alone, the POM-based organic-inorganic
hybrids experience a redshift in their UV-vis absorption
spectra.”® Studies indicated that POM utilization enhances the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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photoelectron efficiency of DSSCs.'*” The broad UV-vis
absorption exhibited by heteropolyblues (HPBs) can enhance
sunlight absorption in DSSCs. The UV-vis absorption and
energy levels of HPBs can be altered by the presence of enriched
electrons, allowing for easier transfer to the conduction band of
TiO,. Moreover, enriched electrons in HPBs can serve as elec-
tron repositories, potentially modifying the electronic structure
of the POM molecules. These modifications are of immediate
significance, particularly when POMs are employed as sensi-
tizers or co-sensitizers in DSSCs.'®"

Thiophene is a fundamental electron-donating component
in constructing conjugated materials due to its ease of synthesis
and superior performance. However, its inter-annular single
bonds allow for rotation, decreasing the planarity between the
neighbouring thiophene units and potentially impacting the
material's properties.?** Incorporating heteroatoms within the
connecting region of the adjacent thiophene rings to create
diverse fused tricyclic structures can optimize planarity. This
optimization increases the alignment of the m orbitals, facili-
tating more efficient conjugation along the backbone.”® Di-
thieno[3,2-5:2/,3'-d] pyrrole (DTP) moieties have garnered
significant interest due to the presence of an electron-rich
nitrogen atom, enhancing stability in the oxidized state and
reducing the bandgap. Many researchers have reported
numerous building blocks derived from the DTP backbone,
showcasing their innovative modifications.*

Quantum chemical theoretical calculations provide a valu-
able approach for systematically examining the energy levels,
electron density, structure, and stability of POMs. Density
functional theory (DFT) is crucial for developing and producing
novel functional POMs. For example, Poblet et al. employed the
DFT approach for evaluating the energy levels of the highest
occupied molecular orbitals (HOMO) and lowest unoccupied
molecular orbitals (LUMO) in Keggin-type POMs.* Therefore,
theoretical computations play a crucial role in developing novel,
efficient POM-based, organic-inorganic hybrid dyes for
DSSCs.”® This study focuses on the theoretical examination of
twelve specifically designed donor-acceptor (D-A) hybrids
(briefly DTP/POM) consisting of dithieno[3,2-b:2',3"-d] pyrrole
(DTP)-based building blocks and a Keggin-type POM
([PW1,040]>"). Density functional theory (DFT) and time-
dependent DFT (TDDFT) analyses were conducted for assess-
ing the geometrical configurations, the electronic characteris-
tics, the absorption spectra, the nature of transitions, and the
charge-transfer (CT) properties of the synthesized compounds.
Ultimately, we aim to investigate the potential applications of
hybrid compounds based on Keggin-type POMs as dyes in
DSSCs.

Experimental
Computational methods

The quantum-chemical computations of the structures were
carried out with the scientific software, Gaussian16. The
geometries of all the dyes with a Cs symmetry were optimized
based on the density functional theoretical method using the
B3LYP functional (charge = —3 and multiplicity = 1), a hybrid
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approach combining Becke's three-parameter method with the
Lee-Yang-Parr correlation functional.”” The standard 6-31G(d)
polarized double-£ basis set was used for the atoms O, C, N, S,
and H, while the W atom was characterized using the effective
core potential (ECP) double-£ (DZ) basis set of LanL2DZ to
account for relativistic effects. According to the optimized
ground-state geometries using the B3LYP method, the TD-DFT
calculations were conducted with the hybrid functional CAM-
B3LYP. The transition metal W was modeled using the
LanL2DZ basis set, while the nonmetal elements used the 6-
31G(d) all-electron basis set for TD-DFT calculations. All
designed structures underwent optimization using the
Gaussian 16 software package,”® with default convergence
criteria. Specifically, the following thresholds were applied:
maximum force: 0.00045 hartree per bohr, root-mean-square
(RMS) force: 0.00030 hartree per bohr, maximum displace-
ment: 0.0018 Bohr, RMS displacement: 0.0012 bohr; these
criteria correspond to the “tight” convergence criteria used by
default in Gaussian 16 for geometry optimizations. It is
important to highlight that the B3LYP functional, when utilized
with augmented LANL2DZ basis sets, accurately reproduces the
experimental spectrum of the Keggin anions.”® We selected the
B3LYP functional due to its consistently reliable performance,
as demonstrated in both our previous studies and those con-
ducted by other research groups.®*=?

Since in different studies on POMs acetonitrile has been
selected as the solvent, the influence of the solvent was
considered by utilizing the polarizable continuum model (PCM)
based on acetonitrile solution.*® The electron densities for the
ground and excited states of the dyes were calculated and
visualized using Multiwfn 3.8 software.**

Results and discussion
Molecular structures

During recent years, significant advancements have been ach-
ieved in the studying of DTP-based building blocks. The DTP-
based polymers and the small molecules that have been docu-
mented primarily consist of the original DTP unit or N-aryl DTP.
These blocks can be categorized into four distinct types: (1)
basic building blocks including DTP, N-acyl DTP, and pyrrolo
[3,2-d:4,5-d’]-bisthiazole (PBTz); (2) fused DTP building blocks,
such as pyrrole-modified pentathiophene (NPTA) and dithieno
[3,2-d:2/,3'-d']thieno[3,2-b:2',3'-b']dipyrrole (DTDP), or so-called
S,N-heteropentacenes (SN5) and S,N-heterohexacenes (SN6);
(3) lactam building blocks like dithieno[3,2-b:2',3'-d|pyridin-
5(4H)-one  (DTPO), [7,7-bidithieno[3,2-b:2',3'-d]pyridine]-
5,5'(4H,4'H)-dione (BDTP), and [7,7'-bidithieno[3,2-b:2/,3"-d]
pyridine]-5,5'(4H,4'H)-dione (TD); and (4) imide building
blocks, including N-alkyl-2,2’-bithiophene-3,3’-dicarboximide
(BTI) and [2-(thiophen-2/-yl)-5(thiophen-2"-yl)thieno[3,2-b]-
thiophene-3,3':6,3"-bis(dicarboximide)] (TBI).* To compare
with X-ray crystallography information for the [PW,040]>"
system,* geometry optimization of the [PW,0,0]>~ species was
performed via two methods, using the B3LYP/6-31G(d)/
LANL2DZ and PBE/6-31G(d)/LANL2DZ levels in the singlet
spin state. For [PW;,0,4,]’", the predictions suggest that the
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singlet spin state (S = 0) represents the most stable configura-
tion. In contrast, earlier theoretical studies conducted by our
team revealed that the triplet (S = 1) and quintet (S = 2) spin
states are 57.30 and 125.50 kcal mol ™ higher in energy than the
singlet state, respectively.®® Selected optimized geometry
parameters for [PW1,040]>” in the singlet spin state are tabu-
lated in Table S1. As indicated in Table S1, the theoretical
geometric parameters obtained using B3LYP aligned more
closely with the respective experimental values compared to
those derived from the PBE method. Consequently, the geom-
etries of all the dyes were optimized utilizing the B3LYP/6-
31G(d)/LANL2DZ method.
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Initially, the geometry of DTP, the twelve designed hybrids
incorporating the Keggin-type POM, and the DTP-based
building blocks were optimized using the B3LYP/6-31G*
computational method. In the Fig. 1 and S1, the optimized
molecular structures of the designed hybrids (Fig. 1), DTP, and
DTP/POM (Fig. S1) are depicted (refer to the SI file). The
computed HOMO and LUMO of DTP and DTP/POM in the
ground state are illustrated in Fig. 2.

The analysis of Fig. 2 reveals that the HOMO and LUMO of
DTP can be primarily assigned as the local —mt* characters. In
contrast, the HOMO of DTP-POM exhibits m-electron delocal-
ization from the DTP component to the W atom via the
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Fig.1 Optimized molecular structures of the studied designed hybrids.
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Fig. 2 The HOMO and LUMO orbitals of DTP (top) and DTP-POM
(bottom) determined at the 6-31G(d) theoretical model.

bonding N atom, while the LUMO is confined to the POM
segment. The delocalized 7-bond is characterized by a d-p -
bond formed between the p, orbital of the N atom and the d,,
orbital of the W atom, which is connected to the N atom. This 7t-
bond is associated with the DTP segment, indicating significant
electronic interaction between the DTP unit and the POM
components.

The impact of the frontier molecular orbital (FMO) distri-
butions on how dyes absorb light and transition between energy
states is well acknowledged. Frontier molecular orbitals (MOs)
for systems 1-12 were determined at the SCF/6-31G* theoretical
level. As shown in Fig. S2 (refer to the SI file), the LUMO,
LUMO+1, LUMO+2, LUMO+3, and LUMO+4 are localized on the
POM cluster, while LUMO+5 was predicted to arise from
a combination of the 7* orbital of DTP and the d orbitals of W
in POM.

Vertical electronic transition energies

Concerning absorption, it is important to note that the
conventional exchange-correlation functional—whether pure
or hybrid—significantly underestimate the excitation energies
of the states with pronounced CT character, primarily due to
a self-interaction error.*® A novel density functional, known as
the  Coulomb-attenuated  hybrid  exchange-correlation
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functional (CAM-B3LYP), has been recently introduced to
address these limitations. It has demonstrated the capability to
accurately predict molecular CT spectra.’” The CAM-B3LYP
(Coulomb-Attenuating Method B3LYP) improves upon the
B3LYP functional by incorporating a long-range correction into
the exchange-correlation functional, which enhances the
depiction of long-range interactions.*®

To assess the impact of the POM on the photophysical
characteristics of the investigated dyes, the UV-vis absorption
spectra of the dyes were simulated at the CAM-B3LYP/6-31G(d)/
LANL2DZ level, in the default acetonitrile solvent (based on the
PCM algorithm of the Gaussian 16 program). For the TD-DFT
calculation, 15 excited states were computed to derive the
absorption spectra. The calculated transition energies (eV),
mainly contributed to the MOs in electronic transitions, and the
oscillator strength (f) for the selected electronic transitions are
tabulated in Table S2 (refer to the SI file). Among the presented
electronic states, those located within the visible spectrum and
exhibiting the highest oscillator strengths were chosen. Addi-
tionally, the CT character, local excitation (LE) characters, and
Ar values for the principal molecular orbital transitions are
presented in Table 1.

The Ar parameter reflects the charge centroids of the orbitals
involved in the excitation, providing insight into the nature of
the transition. This parameter can be interpreted in terms of the
spatial separation between a hole and an electron. Valence
excitations are generally associated with shorter distances,
while CT excitations tend to correspond to longer distances.***°

The information provided in Table 1 reveals that the
synthesized dyes, SN6/POM and BDTP/POM, possess sighificant
oscillator strengths (f). However, DTP/POM, DBTP/POM, SN5/
POM, and TD/POM show the highest possibility of a CT.
Consequently, a more comprehensive analysis of the photo-
physical characteristics of these substances was performed. The
examination of the CT% and LE% values for the compounds
indicates that the ratios of CT% to LE% for NPTA/POM and SN6/
POM were approximately the same at 52/48. In contrast, the

Table 1 Electronic transition states, main MO transition, Amax®, 2, Ever’, “CT%, °LE%, and AF of the designed hybrids

Entry Dye State Main Mo transition Amax (NM) f Eyer (€V) CT (%) LE (%) Ar (A)
1 DTP/POM Ss H — L+ 5 (50%) 431 0.9 2.88 75 25 7.55
2 N-Acyl DTP/POM S3 H—>L+5 (87%) 421 1.46 2.68 52 48 3.45
3 PBTz/POM S3 H — L+5(88%) 424 1.37 2.93 57 43 3.76
4 NPTA/POM S3 H — L+5(85%) 462 1.99 2.58 52 48 5.19
5 DBTP/POM S3 H — L +4(34%) 425 0.78 3.16 73 27 9.67
6 SN5/POM S3 H—->L+5 (72%) 480 1.7 2.58 58 42 6.02
Sy H — L +4(37%) 477 0.4 2.60 76 24 9.58
7 SN6/POM S3 H—->L+5 (81"/0) 486 2.31 2.55 52 48 6.14
8 DTPO/POM S3 H — L+5(85%) 428 1.53 2.89 53 47 3.81
9 BDTP/POM S, H — L+5 (77%) 474 2.1 2.61 10 60 6.29
10 TD/POM S, H — L+ 5 (74%) 464.5 1.82 2.67 46 54 6.09
S3 H—-L (500/0) 460 0.2 2.69 82 18 11.09
11 BTI/POM S, H — L+5(92%) 438 1.00 2.83 29 71 1.09
12 TBI/POM Sq H — L+5(80%) 474 1.88 2.61 33 67 3.20

“ Amax = Maximum absorption wavelengths. * f = oscillator strengths. ¢

E,.r = calculated excitation energies. 4 CT% = charge-transfer excitation

percentage. ¢ LE% = local excitation percentage.”’ Ar = charge-transfer length.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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ratios for DTP/POM, DBTP/POM, SN5/POM, and TD/POM were
75/25, 73/27, 76/24, and 82/18, respectively. These results imply
that, in these particular dyes, the CT component was signifi-
cantly greater than LE. Notably, the Ar values for DTP/POM,
DBTP/POM, SN5/POM, SN6/POM, BDTP/POM, and TD/POM
were greater than those of the other dyes.

The transfer of an electron in a dye from the electron donor
to the electron acceptor upon excitation is crucial. NTOs offer
a more concise representation of excitations compared to
canonical orbitals and thus they are considered as a useful
method for electron-transfer analysis.* The accompanying
plots for the NTOs are illustrated in Fig. S3 (refer to the SI file).
Although the diagrams illustrate that the hole is situated within
the organic moieties, and the electron is predominantly
concentrated on the 7* of the organic moieties and the POM
group in all the designed hybrids, there is a notable distinction
among these four structures.

As stated above, among the synthesized dyes, two were
selected due to their higher oscillator strengths, and four were
selected due to their higher CT character for closer evaluation.
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Their charge density difference (CDD) between their excited
state and their ground state is illustrated in Table 2. In this
map, the isovalue was set to 0.002; green and blue correspond to
an increase and decrease of the excited-state density, respec-
tively, relative to the ground-state density. The centroid can be
calculated to reveal the most representative positions of the
hole and electron distributions. The Cpge and Cee map was
used for facilitating the visual study of the holes and electrons.
The spatial separation between the centroid of the hole and
electron (Ar), along with the extent of overlap between the hole
and the electron (S,) for the six compounds is also shown in
Table 2.

The analysis of the S, values indicates that the overlap of
holes and electrons in compounds DTP/POM, TD/POM, SN5/
POM, and DBTP/POM was significantly lower compared to
compounds SN6/POM and BDTP/POM. This could suggest an
improved separation of the hole-electron pairs within these
compounds. The indices of the other studied designed hybrids,
such as CDD, the Chee & Cele map, Ar, Sy, and tj,gex, are di-
splayed in Table S3 (refer to the SI file), which demonstrates that

Table 2 The CDD? Chole and Cee mapb (green and blue show hole and electron respectively), Ar, S, Dindgex’. tindex’, and Ecoul for two
compounds with the highest oscillator strength and four compounds with the highest CT percentage

Compound CDD Chole & Cele Map Ar (A) S; (a.u) Dindex tindex Ecoul (€V)
DTP/POM 7.55 0.16 7.08 4.87 2.15
DBTP/POM 9.67 0.52 6.52 2.63 2.48
SN5/POM (S4) 9.58 0.37 7.14 4.42 2.04
SN6/POM 6.143 0.75 2.93 —0.12 2.9
BDTP/POM 6.29 0.79 2.286 —1.32 3.04
TD/POM (83) 11.09 0.30 8.23 474 2.02

% CDD = charge density difference. b Chote & Cele map = graph of the distance between the center of the hole and the electron. ¢ S, = overlap between
the hole and the electron. ¢ D;,gex = hole-electron distance. © £ gex = separation degree of hole and electron in CT direction.” Eoy = hole—electron

Coulomb attraction energy.
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the overlap between the holes and electrons exceeded 0.7. We
subsequently analyzed the intramolecular charge-transfer (ICT)
parameters across these six compounds (Fig. 3). The process of
ICT occurs when the absorption of light transfers an electron
from a donor to an acceptor, influencing the formation of
charge-separated states. Effective ICT is essential for achieving
high efficiency in photovoltaic conversion. To evaluate the
possibility of ICT, critical parameters were computed using the
Multiwfn program. The extended values of Ar and dcr signify
the maximal degree of electron transfer, which plays a crucial
role in enhancing the overall efficiency through effective ICT.

Various ICT parameters were calculated for assessing the ICT
capabilities of dyes, including the quantity of transferred
charges (qcr), the effective charge-transfer distance (dcr), and
the tindex, Which evaluates the separation degree between p'(r)
and p~(r) based on the total densities of both the ground and
excited states.

As Fig. 3 illustrates, the calculated value of dcr follows the
order: TD/POM (dcr = 8.23 A) > SN5/POM (dcr = 7.14 A) > DTP/
POM (dcr = 7.08 A) > DBTP/POM (dcr = 6.52 A) > SN6/POM (dcr
=2.93 A) > BDTP/POM (dcr = 2.29 A). TD/POM, SN5/POM, DTP/
POM, and DBTP/POM exhibit a larger distance between the
center of the hole and the electron compared to SN6/POM and
BDTP/POM. This increased distance resulted in reduced overlap
between the holes and electrons in these compounds.

The term gcr refers to the overall quantity of charge distri-
bution affected during electron excitation; it does not indicate
a net transfer of charge between different fragments, such as
from a donor group to an acceptor group. The data in Fig. 2
indicate that the six analyzed compounds exhibited nearly
identical ¢gcr values; however, TD/POM and BDTP/POM
demonstrated elevated gcr levels.

The ¢ index reflects the hole-electron separation in the CT
direction. A tjhgex < 0 implies that the hole and electron are not
substantially separated due to CT. As illustrated in Fig. 3, SN6/
POM and BDTP/POM exhibit a negative tj,qex, Suggesting that
the separation of electrons and holes did not occur. In contrast,
TD/POM, SN5/POM, DTP/POM, and DBTP/POM demonstrate
distinct separation of distributions, as indicated by their posi-
tive ¢ indices. This phenomenon may be attributed to a higher
CT% relative to LE%.

To achieve high-energy conversion efficiency, it is essential
for the electron and hole pairs to dissociate into distinct posi-
tive and negative charges, thereby avoiding recombination

dCT/A mqCT/au mvA

6.52

Value of ICT parameters

2| DTPPOM DBTP/POM SNS/POM SN6/POM

BDTP/POM TD/POM

Fig. 3 Key ICT parameters of the studied dyes.

© 2025 The Author(s). Published by the Royal Society of Chemistry

View Article Online

RSC Advances

Table 3 Contribution of fragments to holes and electrons®

Fragment Hole (%) Electron (%)
DTP 62 0

N 13 0

POM 25 100

¢ Transferred electrons between fragments. DTP to N: 0.00, N to DTP:
0.00, and net DTP to N: 0.00. DTP to POM: 0.62, POM to DTP: 0.00,
and net DTP to POM: 0.62. N to POM: 0.13, POM to N: 0.00, and
net N to POM: 0.13.

caused by coulombic attraction. This dissociation process
necessitates overcoming the binding energy, implying that the
dye molecules must exhibit a lower exciton binding energy to
facilitate effective energy conversion.*” The hole-electron
coulomb attraction energy of the dyes was calculated and is
given in Table 3. The larger the Dj,qcx, the farther the distance
between the main distribution regions of the holes and elec-
trons, and thus the weaker the coulomb attractive energy. From
the data, it was found that the coulomb attraction energies of
TD/POM, SN5/POM, DTP/POM, and DBTP/POM were among the
smallest compared to SN6/POM and BDTP/POM.

To enhance the investigation of the electron-transfer char-
acters, each compound was segmented into three distinct
components: (1) the organic portion, (2) the nitrogen atom
(bridge), and (3) the inorganic component (POM). The compo-
sition of these fragments concerning holes and electrons can be
represented as a heat map, effectively illustrating their distri-
bution characteristics. Consequently, the contributions of each
fragment to the holes and electrons using a heat map were
analyzed. Fig. 4 illustrates the heat map along with an analysis
of the transitions occurring between the designated fragments
for DTP/POM. The heat maps for DBTP/POM, SN5/POM, SN6/
POM, BDTP/POM, and TD/POM are displayed in Fig. S4 (refer
to the SI file).

As illustrated in Fig. 4 and Table 3, in DTP/POM, the
predominant contribution to electron donation (62%) was
attributed to the organic component, whereas the POM
component was solely responsible for 100% of electron

9
-
< ‘ J = 9;.
29 909 @ | \% °
29 99 0O H
J J °
0%3%0
9
« 0.996
Hole - q0.797
Electron il
0.398
Overlap 0.199
0.000

DTP N POM

Fig. 4 The DTP/POM heat map.
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Fig.5 Percentage of each fragment to the molecular orbitals of DTP/
POM.

acceptance. The nitrogen bonding atom contributes to merely
13% of the electron donation. A comparison of the heat map for
the other five hybrids reveals that the contributions of the
organic and inorganic components in hybrids DBTP/POM, SN5/
POM, and TD/POM were identical, while in hybrids SN6/POM
and BDTP/POM, the organic component exhibited the greatest
contribution as both an electron donor and an electron
acceptor.

An examination of the electron transfers among the identi-
fied fragments suggests ligand-to-metal charge transfer (LMCT)
processes. For SN6/POM and BDTP/POM, the proportion of the
organic component in the electron was greater than that of the
POMs. Furthermore, the electron transfers revealed two distinct
mechanisms: LLCT (ligand-to-ligand charge transfer) and
LMCT.

Fig. 5 illustrates the contribution of each fragment to the
molecular orbitals engaged in the absorption spectrum for DTP/
POM. The participation magnitude of each fragment for various
compounds is detailed in Fig. S5 (SI file). As shown, the dye
component contributes over 80% to the HOMOSs, while the POM
predominantly influences the LUMOs(+n). Notably, in DTP/
POM, DBTP/POM, SN5/POM, and TD/POM, the POM's propor-
tion in the LUMOs(+n) is significantly greater compared to SN6/
POM and BDTP/POM.

The performance of designed systems in DSSC

Energy levels of systems. Concerning the mechanism of n-
type DSSCs, it has been established that the LUMO energy
level of the dye should be higher than the conduction band (CB)
edge of semiconductor (EcpgTiO, = —4.0 eV).* This configura-
tion facilitates an efficient photo-induced charge injection from
the excited sensitizers to the CB of TiO,. Additionally, the
HOMO energy level of the sensitizers is positioned lower than
the I"/I;~ redox level, ensuring effective dye regeneration.*
Fig. 6 illustrates the FMOs and HOMO-LUMO (H-L) gaps for
the systems. It is evident that the LUMO energy levels of these
systems are consistently more positive than the CB edge energy
of TiO,, while the HOMO energy levels are more negative than
the I"/I;~ redox potential. This alignment meets the require-
ments for dyes utilized in n-DSSCs. The LUMO energies appear
to be somewhat similar, whereas the HOMO energies show
slight variations.

Optoelectronic properties. The short-circuit current density
(Jse) plays a crucial role in determining the power conversion
efficiency (PCE) of a system. This factor is directly proportional
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to both the light-harvesting efficiency (LHE) and the electron
injection efficiency (@jnjece)- The LHE indicates the dye's capacity
to absorb or utilize photons from sunlight. Consequently,
a high LHE is crucial for the effective performance of a dye
sensitizer in DSSCs. A negative AGijyjece facilitates a smooth
electron injection process. Subsequently, the oxidized dye
underwent reduction through an electron transfer from I°~.
This reduction process was closely associated with AG ., which
was further enhanced by a negative AG,.,. Nevertheless, if the
reduction reaction fails to complete within the lifetime of
charge separation, the reduced dye can recombine with the TiO,
electron. This phenomenon was assessed by AG,.,; specifically,
a positive AG,, signifies that the charge recombination process
is non-spontaneous. Consequently, the combination of a large
LHE, negative AGipject, AGer, and positive AGr, supports
a robust light-harvesting capability, providing an adequate
driving force for efficient electron injection and dye regenera-
tion, and mitigating the charge recombination process.*

To illustrate the influence of donor and acceptor groups on
the Js. of DSSC, the UV-visible absorption spectra of the dyes
were analyzed. The calculated parameters are presented in
Table 4. The E3Y is evaluated using Koopman's theorem, which
relates to the negative value of the HOMO energy. According to
eqn S11-518, EQs , LHE, AGinjects AGreg, AGer and Vo for the
studied designed hybrids were determined and analyzed.

The data indicate that the LHE values for the examined dye
molecules fell within the range of 0.99 to 0.83, suggesting that
all the sensitizers produced comparable levels of photocurrent,
and exhibited a degree of similarity in their performance. Based
on the findings on the electronic excitation properties of the
dyes (Table 4), the performance of the following four specific
dyes was evaluated: DTP/POM, DBTP/POM, SN5/POM, and TD/
POM.

The value of LHE indicated that the different donor systems
can affect the LHE. Another factor enhancing s was @injeco
which pertains to the driving force (AGipjecd) for the electron
injection from the photo-induced excited states of the organic
dyes to the TiO, surface. Generally, a greater AGipject

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 4 The ESE?, EXS™ LHES, AGinject”, AGreg’. AG and Vocf of the studied hybrids

Dye ESE (ev) EZ (ev) LHE AGinject (€V) AGheg (€V) AGe Voc (V)
DTP/POM 5.17 2.29 0.87 ~1.71 ~0.37 1.17 1.6
N-Acyl/POM 5.4 2.72 0.97 ~1.28 ~0.6 1.4 1.49
PBTZ/POM 5.7 2.77 0.96 ~1.23 ~0.9 17 1.1
NPTA/POM 5 2.32 0.99 ~1.68 ~0.2 1 1.56
DBTP/POM 5.6 2.44 0.834 ~1.56 ~0.8 1.6 1.55
SN5/POM 5.03 2.45 0.98 ~1.55 ~0.23 1.03 1.55
SN6/POM 5.55 3 0.99 -1 ~0.75 1.55 1.58
DTPO/POM 5.64 2.63 0.95 ~1.37 —0.84 1.64 1.58
BDTP/POM 5.3 2.69 0.99 ~1.31 ~0.5 1.3 1.23
TD/POM 6 3.34 0.98 ~0.66 -1.2 2 145
BTI/POM 6.4 3.57 0.90 —0.43 -1.6 2.4 0.88
TBI/POM 6.33 3.72 0.99 —0.28 ~1.53 2.33 1.34

@ EX¢ = redox potential of the ground state. ” Eggf " = oxidation potential of the dye. © LHE = light harvesting efficiency. ¢ AGinject = free energy
change for electron injection. ¢ AG;, = driving force of regeneration.’ AG,, = charge recombination. ¢ V¢ = the open-circuit photovoltage.

corresponds to a larger @jnject. The synthesized dyes exhibited
negative AGipjece Values, indicating that they possessed suffi-
cient thermodynamic potential that facilitated the electron
injection process. The value for DTP/POM was more negative
than the others.

Jsc is also affected by the efficiency of dye regeneration (7;cg),
which is influenced by the regeneration driving force, AGeg.
From Table 4, the values for DTP/POM, DBTP/POM, SN5/POM,
and TD/POM are 0.37, 0.8, 0.23, and 1.2 respectively. The AG,,
values also indicate an inhibition of recombination. The
calculated open-circuit voltage (Vo) values ranged from 1.45 to
1.6. As a result, TD/POM, SN5/POM, DTP/POM, and DBTP/POM
can act as the most efficient sensitizers for dye-sensitized solar
cells. It has been observed that the LHE and Vg of these
systems are comparable and exceed those of other sensitizers
documented in the literature.*>*®

Conclusions

In this study, we investigated various POM-based hybrid dyes
featuring electron-donating and electron-withdrawing groups,
utilizing DFT and TD-DFT methods for assessing their potential
applications as dyes in DSSCs. In the designed hybrids, the DPT-
derived building blocks served as donor components, while the
Keggin-type POM functioned as the acceptor moiety.

The initial investigation focused on the photophysical
characteristics of the dyes. Among the designed hybrid dyes,
SN6/POM and BDTP/POM exhibited a larger oscillator strength
(f) in the visible region, whereas TD/POM, SN5/POM, DTP/POM,
and DBTP/POM demonstrated the highest CT character. The
parameters associated with the intramolecular CT indicate that
TD/POM, SN5/POM, DTP/POM, and DBTP/POM demonstrated
a larger separation between the hole center and the electron
compared to SN6/POM and BDTP/POM. The Cj,ole and Ceje map
illustrates this hole-electron separation.

To assess the recombination rates of the holes (positive
charge) and electrons (negative charge), the coulomb energy
between the holes and the electrons was evaluated. The findings
revealed that this energy for TD/POM, SN5/POM, DTP/POM, and

© 2025 The Author(s). Published by the Royal Society of Chemistry

DBTP/POM was lower compared to SN6/POM and BDTP/POM,
suggesting a potential for enhanced energy-conversion effi-
ciency. The heat maps indicate that in the compounds DTP/
POM, DBTP/POM, SN5/POM, and TD/POM, the organic ligand
played a major role in hole contribution, while the inorganic
POM was mainly responsible for electron contribution, indi-
cating an LMCT-type electron transfer.

The analysis shows that the LUMO energy levels of the
studied systems were consistently higher than the conduction
band edge energy of TiO,, making these systems well-suited for
applications involving electron transfer in DSSCs. In contrast,
the HOMO energy levels of these systems are more negative
than the I"/I;~ redox potential, which is a critical factor for
effective CT in n-DSSCs. Therefore, this alignment meets the
necessary criteria for dyes used in these solar cells.

The study highlights the LHE values of the designed systems,
with TD/POM and SN5/POM showing the highest efficiency of
roughly 0.98. This suggests that the choice of donor materials
significantly influences the LHE, and it is crucial for optimizing
the performance of organic dye-sensitized solar cells. The
synthesized hybrid dyes exhibit negative AGipjecc values, indi-
cating that there was a favorable thermodynamic potential for
electron injection, with DTP/POM demonstrating the most
negative value, suggesting superior electron injection
capabilities.

Additionally, Js. was influenced by dye regeneration effi-
ciency (7reg), Wwhich was determined by the regeneration driving
force (AGcg). The values for DTP/POM, DBTP/POM, SN5/POM,
and TD/POM indicate that DBTP/POM and TD/POM had
higher regeneration driving forces, potentially enhancing their
overall performance. The open-circuit voltage (Voc) values
ranged from 1.45 to 1.6, emphasizing the potential of these
systems in solar energy applications.
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