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OPEN A comprehensive DFT/TDDFT

investigation into the influence
of electron acceptors on the
photophysical properties of
ullazine-based D-mt-A-mt-A
photosensitizers
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The type of electron acceptor group has a significant effect on the photovoltaic properties of solar cell
sensitizers. In this study, on the basis of previous studies of the m1- and m2-linked groups of D-n1-Al-
m2-A2-type sensitizers, the photoelectric properties of Ullazine-Based photosensitizing dyes were
further optimized by adjusting the electron-absorbing groups at the A1 and A2 positions. DFT and
TDDFT calculations revealed that substituting the Al position with a BTD moiety led to a substantial
increase in the light absorption capacity of the dye. Furthermore, the incorporation of a CSSH moiety
at the A2 position resulted in a significant redshift of the absorption spectrum and a notable increase in
the light trapping efficiency. Moreover, TDM analysis indicates that HOMO—LUMO is the predominant
mode of transition in the S —S, exciton transition of the dye molecule on the basis of the BTD

motif. This mode remains the dominant mode after the introduction of the CSSH motif, although its
contribution is reduced. Notably, HJ19 (A1l for BTD, A2 for CSSH) and HJ20 (A1 for difluorosubstituted
BTD, A2 for CSSH) dyes demonstrate optimal optoelectronic properties, exhibiting redshifted
absorption wavelengths by more than 79 nm and enhanced maximum absorption efficiencies by more
than 40% with those of the YZ7 sensitizer.

Keywords D-mn-A-mt-A dye, 2,1,3-Benzothiadiazole, 4,4-Difluoro-4H-cyclopenta[2,1-b:3,4-b]dithiophene,
Disulfide carboxyl acceptor, Transition density matrix analysis

Dye-sensitized solar cells (DSSCs) have emerged as a significant area of scientific inquiry and industrial
advancement, largely because of their favorable cost-performance ratio, extended operationallifespan, exceptional
optical characteristics, and robust mechanical durability’=>. Since the pioneering work of O’Regan and Gritzel
in 1991, who constructed the first DSSC and achieved a photoelectric conversion efficiency of 7.1%5, this field
has continued to flourish, with significant advancements in the fundamental architecture and technological
innovation. Recently, the Ren team has made significant progress and reported a high-efficiency DSSC with a
power conversion efficiency (PCE) of up to 15.2%’. Under certain conditions, the device performance can even
reach an excellent level of 28.4-30.2%’.

The essential constituents of a DSSC include a sensitizer dye, a working electrode, a counter electrode, and
an electrolyte. Among these components, the sensitizer dye molecule plays a pivotal role in the photoelectric
conversion process, with its performance directly influencing the overall efficiency of the device. In the context
of molecular design, organic dye sensitizers typically adhere to the D-m-A configuration principle, comprising an
electron donor (D), a conjugated bridge (1), and an electron acceptor (A) unit arranged in a specific sequence®1C.
In recent years, researchers have continuously explored and designed various derivative structures on the
basis of the traditional D-m-A structure, with the aim of further improving the performance of DSSCs. These
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include the D-D-n-A type!'2, the D-A-m-A type!'>~1%, and the particularly eye-catching D-nt-A-mt-A type!®17.
These novel structures have markedly increase the light absorption capacity, charge separation efficacy, and
electron transport functionality of the dye molecules by incorporating supplementary electron acceptors, which
are ingeniously positioned between the electron donor and acceptor'®!°. Notably, the distinctive dual-acceptor
configuration of D-m-A-m-A dyes has pioneered new avenues for enhancing the overall performance of DSSCs.

The distinctive molecular configuration of the Ullazine group, a heterocyclic system characterized by a high
nitrogen content, is clearly illustrated in Fig. 1a. The core feature of this group is its extensive conjugated system
of 16 m-electrons, which significantly enhances its energy harvesting capacity within the visible to ultraviolet
range of the solar spectrum, effectively promoting the excitation and transition of electrons. Moreover, the
Ullazine group contains a plethora of substitution sites, offering a vast canvas for meticulous calibration of the
electron donor strength and the overall conformation and properties of the dye molecule??!. By employing
sophisticated substitution methodologies, researchers can further enhance the photoelectric properties of dyes,
thereby addressing the urgent requirements of photoelectric devices such as DSSCs for efficient and stable dye
molecules. Our preceding research methodically examined the influence of the m-conjugated group structure on
the photoelectric properties of D-m-A-m-A-type solar cell sensitizers. We meticulously designed nt-conjugated
group-enhanced sensitizers HJ2 and HJ8 with 4,4-dimethylcyclopenta([2,1-b:3,4-b]dithiophene as the core unit
(as illustrated in Fig. 1c)". These two new sensitizers markedly overcame the spontaneous aggregation of the
dye resulting from strong m-7 interactions in the previous YZ7 sensitizer in the Fig. 1b%, thus representing a
significant improvement in photoelectric performance. In particular, the m-conjugated core units in HJ2 and HJ8
demonstrated redshifted spectral absorption, extending to wavelengths of 552 nm and 604 nm, respectively'”.
This modification broadened the spectral response range and markedly enhanced the maximum extinction
coefficient and light capture efficiency, thereby achieving a substantial improvement in photoelectric conversion
efficiency in comparison to the original YZ7 sensitizer'”. This research deepened our comprehension of the
mechanisms underlying the action of n-conjugated groups in D-n-A-ni- A-type sensitizers and provides a crucial
theoretical foundation and experimental reference for the development of efficient and stable solar cell materials.

Previous experimental research has revealed aggregation in synthesized photosensitizers with a carboxyl
(COOH) group anchoring group®>-?. Furthermore, various studies have demonstrated that altering the

(b) HsCO

OOH HJ2

—CSSH HJ8
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Fig. 1. (a) The ullazine moiety, (b) the YZ7 dye as reported by Zhang et al.?2, and (c) our previously designed
HJ2 and HJ8".
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COOH group to a disulfide carboxyl (CSSH) group may prevent the aggregation of dyes?®. Our findings clearly
demonstrated that the introduction of a CSSH group at the A2 site can markedly enhance the efficiency of the
sensitizer molecule in capturing and converting solar energy in comparison to a COOH group'’. The present
study is concerned with the impact of Al and A2 electron acceptor groups on the photoelectric properties of
these materials. This research builds upon our previous work!’, in which we optimized the nl and n2 linking
groups in Fig. 1¢ with superior photoelectric properties via DFT/TDDFT methods. The objective is to identify
and implement more sophisticated chemical modification strategies for enhancing the photoelectric conversion
efficiency of the sensitizer. The 2,1,3-benzothiadiazole (BTD) receptor group and its analogues?’ =3 were selected
for the electron acceptor group Al of HJ2 on the basis of previous studies, resulting in the formation of HJ14,
HJ15, HJ16, HJ17 and HJ18 dyes. Moreover, the COOH acceptor, A2, was replaced by the CSSH acceptor,
yielding the potential solar dyes HJ18, HJ20, HJ21, HJ22 and HJ23, which are depicted in Fig. 2. The Al
group in HJ15 and HJ20 introduced two fluorine electron acceptors on the basis of the original BTD, thereby
enhancing the electron acceptance performance of its electron acceptor group. The introduction of a conjugated
system on the basis of BTD in HJ16-HJ18 and HJ21-H]J23 served to reduce the energy gap between the energy
levels, resulting in a redshifted absorption wavelength.
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Fig. 2. The D-n-A-7t-A photosensitizer designed in this study.
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Methods

Geometry optimization

A number of studies have demonstrated that density functional theory (DFT) can yield reasonable properties
of organic dyes in DSSCs!7*!¥. In particular, PBEO (PBE1PBE)/6-311+G** has been identified as a suitable
method for the ullazine-based D-m-A-n-A photosensitizers, and the results are in good agreement with
experimental findings'’. In this study, the structures of the molecules were optimized via the Gaussian 16
program“’. To facilitate a more robust comparison with the experimental results?? and our previous findings'?,
we employed experimental dichloromethane solvation for the DFT calculations in this study. Therefore, the
CH,Cl, solvent with the standard Integral Equation Formalism Polarisable Continuum Model (IEFPCM)*!42
was employed with a dielectric constant of 9.08 for CH,Cl, solvation. All optimized structures were investigated
for the presence of imaginary frequencies.

Excitation energy calculation

Time-dependent density functional theory (TDDFT) has been demonstrated to be an effective method for the
accurate calculation of the vertical excitation energy!”>!-*. The cam-B3LYP*® functional and the 6-311+G**
basis set have been shown to be appropriate for use at optimized geometries obtained by PBE0/6-311 + G** for
ullazine-based D-n-A-ni-A photosensitizers. The IEFPCM solvation model was employed for the solvation of
CH,CL#%,

Property calculation

The DFT/TDDFT orbital and transition density matrix (TDM) analyses were corroborated by a Multiwfn
analyzer**. The highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
energies indicate electron transfer capabilities. The performance of the dyes in the DSSCs is evaluated on the
basis of the total efficiency of the DSSCs (1). The total efficiency of DSSCs (1) was determined by the short-
circuit current density (J_ ), open-circuit voltage (V, ), fill factor (FF), and incident light intensity (P, ), as

nc
illustrated in the following equation®:

_ FF\QC.)CJ sc (1)
The corresponding short-circuit current density (], ) can be expressed as follows*:
Jsc = / LHE (A) @ injn ondA 2)

where LHE()) represents the light harvesting efficiency at wavelength A, while @, . denotes the charge injection
efficiency and n_, signifies the electron collection efficiency. Because the I7/ I3‘eiectr0de is considered in this
study, it can be seen that the value of the electron collection efficiency, n_, is constant. To obtain a high J_,
LHE(A) and @, . would be as large as possible. The light harvesting efficiency (LHE) of the maximum wavelength
can be calculated via following formula?’:

LHE=1-10"* (3)

where frepresents the oscillator strength at the wavelength exhibiting the greatest intensity.
The @, . is evaluated through the injection driving force of the injection Gibbs energy (AG,) which is related
to the electron injection efficiency. The AG;; can be expressed as?®:

A Ginj = Egyex — Ecn (4)

where E dver 1S the excited state potential and ECB is the conduction band of semiconductor materials. When
considering the semiconductor TiO,, the E . is usually experimentally set at —4.0 eV in vacuum®®. However, in
the TDDFT calculations, the potential of the first excited state is rarely the energy of the LUMO. Therefore, AG,
is calculated as follows™:

A Ginj = Edye + Eex — Ecsn (5)

where E dye 18 the ground state potential and E,_is the vertical excitation energy corresponding to the calculated
maximum absorption wavelength A .
AG,, is used to reflect the power of dye regeneration in electrode I"/1,”, as shown in the following formula®!:

A Greg = Eredox — Edye (6)

where E_, is the redox potential of electrode I7/1,7, with a value of —4.7 eV>*. E dye TEPresents the potential of
the ground state.

The lifetime of the excited state is a critical determinant of the charge transfer efficiency, with longer lifetimes
conferring greater advantages for charge transfer. A longer excited state lifetime is conducive to enhanced charge
transfer. The excited state lifetime (t) can be calculated via the following equation®%:

T = 1.499/fE* )
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fand E are the oscillator strength and vertical excitation energy (in cm™!) of the excitation considered.
V. in DSSCs can be described as follows™:

o
ECB + A ECB ka ( Nc ) Eredox
=——+4+ —1In _

VOC
q q Ncs q

(8)

Here, q is the unit charge, E_; is the conduction band edge of the semiconductor substrate, k, T is the thermal
energy, n_is the number of electrons in the conduction band, N is the density of accessible states in the
conduction band, and E_, _is the electrolyte Fermi level. The shift in the E ., when the dyes are adsorbed on the
substrate, denoted by AE ., can be expressed as follows™:

A Ecg = — 9H normalY (9)
€ o€
where q represents the meta charge; p . denotes the dipole moment perpendicular to the surface of TiO; y

signifies the concentration of dyes adsorbed on the surface of the titanium dioxide semiconductor; and g/eis
the dielectric constant of the vacuum/organic dyes.

Results and discussion

Optimized geometry

The optimized bonding and dihedral parameters between each donor motif, acceptor motif and n-bridge are
presented in Table 1, and the Cartesian coordinates of each optimized geometry are provided in the Supporting
Information. A close relationship was observed between the molecular structure of the sensitized solar dyes and
their performance, particularly in the case of the planar structure between the donors, acceptors and nt-bridges.
As shown in Table 1, the previously reported YZ7 molecule exhibited a high degree of planarity, with calculated
@1, ©2 and ®3 values of 1.8% 0.1° and 0.0°, respectively!”. HJ2 and HJ8 presented ®1, ®2 and ®3 values
ranging from 29.7° to 35.7°, 4.7° to 8.5° and 17.9° to 18.7°, respectively. YZ7 with C=C is a planar conjugated
molecular structure that plays a pivotal role in the spontaneous aggregation of YZ7 molecules. Replacing C=C
with C=C results in a twisted structure for HJ1 molecules, thereby reducing the n-m interactions of the planar
conjugated molecules and mitigating molecular agglomeration among dye sensitizers!”. Upon replacing the Al
electron acceptor 4,4-difluorocyclopenta[2,1-b:3,4-b]dithiophene with the BTD receptor group and its analogs,
the resulting molecules retained the nonplanar structure among the D motif, n1 motif and Al for HJ14-HJ23,
with @1 and @2 dihedral angles ranging from 24.3° to 36.6° and from 7.9° to 14.2°, respectively. The A1, nl and
A2 motifs exhibited a high degree of planarity, as evidenced by the relatively low values of the ®3 and ®4 angles,
which were approximately 0.2° and 0.3°, respectively, for HJ14 and HJ18. In contrast, the spatial site resistance
of the thiophene and benzene ring substituents in HJ16 and HJ17 resulted in a distortion between the A1 and
il groups. The dyes with CSSH groups presented structural characteristics analogous to those of the carboxyl
groups. For example, the optimized R1, R2, R3, R4, ®1, @2, ®3 and &4 parameters of HJ14 were 1.454A,
1.447A, 1.449A, 1.4094, 34.5°, 14.2°, 0.2° and 0.2°, and the corresponding parameters for HJ19 were 1.453A,
1.446A, 1.448A, 1.4014, 34.2°, 14.3°,0.0° and 0.3, respectively.

Photoelectric properties

The energy levels of the frontier molecular orbitals are illustrated in Fig. 3. It is imperative to align the energy
levels of the dye molecule, titanium dioxide semiconductor, and redox electrolyte to determine the viability of
employing the dye molecule in dye-sensitized solar cells. As illustrated in Fig. 3, the LUMO energy levels of the
dye molecules were all higher than the conduction band edge of titanium dioxide (- 4.0 eV)*°, and the HOMO
energy levels were all lower than the potential of the I"/I, ~redox electrolyte pair (- 4.7 eV)*2, thereby ensuring

Molecule | R1 (A) | R2 (&) |R3(A) | R4 (A) | @12 () | D2°(°) | @32 () | @42 ()
YZ7° 1408 |1.395 |- 1.410 1.8 0.1 - 0.0
H]2" 1.456 1.441 1.438 1.409 29.7 8.5 17.9 0.2
HJ14 1454 | 1447 |1.449 |1.409 |34.5 14.2 0.2 0.2
HJ15 1.455 1.443 1.448 1.411 35.3 7.5 4.3 0.1
HJ16 1450 | 1437 |1.448 |1.408 |36.6 10.5 10.5 0.0
HJ17 1450 | 1437 |1.448 |1.408 |29.4 9.1 11.1 0.1
HJ18 1440 | 1425 |1.435 |1.407 |243 7.9 0.2 0.3
H]8" 1.455 1.441 1.436 1.401 35.7 4.7 18.7 0.2
HJ19 1453 | 1446 |1.448 |1.401 |34.2 14.3 0.0 0.3
HJ20 1454 | 1442 |1.447 |1.404 |356 9.4 0.6 0.0
HJ21 1.455 1.441 1.436 1.401 35.7 4.7 18.7 0.2
HJ22 1447 | 1434 |1446 |1.400 |285 153 53 0.0
HJ23 1436|1421 |1433 |1.398 |236 9.1 0.1 0.0

Table 1. The optimized geometry parameters for the molecules YZ7, HJ2, HJ8, HJ14-H]J23. *The dihedral
angle was identified within the range of 0° to 90°. "Ref!’.
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Fig. 3. Energy profiles of the designed organic dyes YZ7, HJ2, H)8, HJ14 ~ HJ23.

that the dye molecules were able to inject electrons into titanium dioxide and facilitate the reduction of the dye
molecules in the oxidized state.

Compared with the 4,4-difluoro—4 H-cyclopenta[2,1-b:3,4-b]dithiophene (fCDT) electron acceptor (Al
group for HJ2 or HJ8), the BTD exhibited a diminished HOMO-LUMO energy level difference, which was
further diminished due to the expansion of the conjugation space of the BTD. As illustrated in Fig. 3, the orbital
energy levels of the LUMO were all greater than — 4.0 eV, whereas the orbital energy levels of the HOMO were
all less than — 4.7 eV. These findings indicated that all the designed dyes are capable of functioning correctly with
the titanium dioxide substrate and the I"/1, ~ redox electrolyte pair. The HJ14 dye with a BTD electron acceptor
group exhibited an energetic level similar to that of HJ2 for the HOMO and HOMO-1. However, the LUMO
and LUMO +1 notably decreased, reaching —2.34 eV and —1.66 eV, respectively. This narrowed the HOMO-
LUMO gap by 0.1 eV to 3.74 eV in comparison to that of HJ2. The addition of two F atoms to the BTD group
resulted in the formation of the HJ15 molecule, which presented lower HOMO and LUMO energies than HJ14
did. However, the HOMO-LUMO energy level difference of 3.74 eV is comparable to that observed in HJ14.
Following the addition of the BTD electron acceptor group to HJ16-HJ18, the energy levels of the LUMO and
LUMO + 1 notably decreased, whereas those of the HOMO/HOMO-1 slightly increased. It can be inferred that,
in the case of A1 electron acceptor groups, the molecular orbital electron distribution was influenced to a greater
extent by the conjugation of aromatic hydrocarbons attached to BTD (HJ16-H]J18) than by the induced effect
of F atoms attached (HJ15). This resulted in a narrow HOMO-LUMO gap, with a value of 2.77-3.14 eV. The
-CSSH in the A2 site would serve to narrow the HOMO-LUMO gap, which was in the range of 2.70 to 3.00 eV,
for H21-HJ23.

The light absorption capacity of the dye molecules proved to be the determining factor in the photoelectric
conversion efficiency of the dyes. The principal characteristics of the selected dyes are presented in Table 2. As
illustrated in Table 2, the maximum absorption wavelength A___of HJ14 (592 nm) exhibited a redshift of 40 nm
in comparison to that of HJ2 (552 nm) and 57 nm in comparison to that of YZ7 (535 nm). This redshift can be
attributed to the replacement of the fCDT group by the BTD motif. The reduction in the energy levels of the
LUMO and LUMO + 1, which resulted from the introduction of the BTD motif, led to a redshift. Compared
with HJ14, the difluorinated BTD in HJ15 resulted in a smaller redshift compared to HJ14. This was due to
the detrimental impact of induced electron absorption in the electron acceptor motif on the photovoltaic
performance, as illustrated in Table 2; Fig. 4. Nevertheless, HJ15 exhibited a redshift of 26 nm from HJ2 and
44 nm from YZ7, rendering it an optimal dye sensitizer. The aromatic BTD resulted in a redshift for HJ16-HJ18,
with absorption occurring at 814-1031 nm. The wavelength range of 814 nm to 1031 nm is not within the
visible spectrum. The intensity of sunlight within this wavelength band is constrained, which renders HJ16-
HJ 14 unsuitable for use as a dye sensitizer in solar cells. The maximum extinction coefficients for HJ2 and HJ7
were lower than that of the HJ2 dye, but still exhibited values that were 13-14% greater value than that of YZ7.
HJ14 and HJ15 presented a high maximum extinction coefficients (¢), with values of 8.280x 10* M~!.cm ~! and
8.392x10* M~L.cm !, respectively. Additionally, they demonstrated a notable light harvesting efficiency, with a
value of 99.0% for both.

The presence of the disulfide carboxyl acceptor at the A2 site further enhances the redshift of the absorption
spectrum, a phenomenon that was previously predicted in our own research!’. The maximum absorption
wavelengths (A ) of HJ19 and HJ20 were observed to be 632 nm and 614 nm, respectively. There was a notable
redshift of 97 nm and 79 nm to YZ7 (535 nm), and a slight redshifts of 28 nm and 10 nm to HJ8 (604 nm). The
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Molecule | A (nm) | &(10*M".cm~!) | LHE | (ns) | Orbital contribution (%)*

YZ7* 535 7.339 0.985 1.54 | H>L(69.7); H-1>L(13.3); H>L+1(11.2)
HJ2b 552 11.076 0.998 | 2.67 | H>L(38.8); H-1>L(34.1); H>L+1(16.2)
HJ14 592 8.280 0990 | 2.61 | H5L(63.3); H-15L(18.5); H5L+1(6.7)
HJ15 579 8.392 0.990 | 2.50 | H>L(65.6); H-1>L(17.7); H>L+1(7.4)
HJ16 828 4.784 0.933 | 8.75 | H>L(87.8); H-1>L(6.2)

HJ17 814 5.184 0.947 | 7.79 | H>L(87.7); H-1>L(6.1)

HJ18 1031 5.194 0.948 | 12.42 | H>L(94.2)

HJ8" 604 12.204 0.999 | 2.82 | H>L(34.4); H-1->L(43.6); H>L+1(10.1)
HJ19 632 10.354 0.997 | 2.37 | H>L(54.6); H-1->L(27.2); H>L+1(10.4)
HJ20 614 10.418 0.997 | 2.24 | H>L(52.3); H-1->L(28.1); H>L+1(11.4)
HJ21 867 6.276 0.970 | 7.40 | H>L(85.7); H-1>L(5.9)

HJ22 856 6.787 0.978 | 6.64 | H>L(85.5); H-1>L(5.8)

HJ23 1076 6.507 0.975 | 10.81 | H>L(94.0)

Table 2. The TDDFT calculated maximum absorption wavelength (A __ ), maximum extinction coefficient

(¢), light harvesting efficiency (LHE), first excited state lifetime (1) and corresponding electronic transition
components in the solvation of CH,CL,. *Contributions less than 5% are not listed in the table. H represents the
HOMO. H-1 represents the HOMO-1. L represents the LUMO. L+ 1 represents the LUMO + 1. PRef!”.
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Fig. 4. The TDDFT calculated UV-Vis absorption spectra of YZ7, HJ14, HJ15, HJ19 and HJ20. The calculated
UV-Vis absorption spectra of other species are shown in the Supporting Information (Figs. S3, S4).

D-n-A-m-A type, in conjunction with the CSSH acceptor, demonstrated a 41% and 42% increase in the spectral
absorbance intensity, respectively. Moreover, 99.7% light harvesting efficiency was achieved for both the HJ19
and HJ20 dyes. Furthermore, the calculated UV-Vis spectroscopy data illustrated in Fig. 4 demonstrated that
HJ19 and HJ20 exhibited substantial absorption in long-wavelength sunlight, particularly within the range of
500 to 700 nm. In contrast, the original YZ7 demonstrated a predominant absorption at wavelengths within the
range of 500 to 600 nm. The absorption spectra of HJ21-HJ23 were within the infrared region, between 856 and
1076 nm, and exhibited reduced a absorption intensity relative to that of YZ7. Consequently, these materials are
unsuitable for use as dye sensitizers in solar cells. Furthermore, the lifetime of the excited state was identified as
a critical factor influencing the charge transfer efficiency. A longer excited state lifetime was observed to enhance
the charge transfer efficiency®. The first excited state lifetimes of HJ19 and HJ20 were 2.37 ns and 2.24 ns,
respectively, which ensured efficient electron transfer and injection of dye molecules. It was therefore concluded
that HJ19 and HJ20 were the optimal sensitized dyes, exhibiting the most favourable photoelectric performance
within the series.

Furthermore, the mechanism underlying the enhancement in efficiency observed in the contribution of
the D-ni-A-mi-A type and CSSH acceptor can be elucidated through the TDDFT orbital analysis illustrated in
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Fig. 5. TDDFT-calculated frontier orbitals of YZ7, HJ14, HJ15, HJ19 and HJ20.

Dyes AGillj (eV) AG"g (eV) | u(Debye) | Dyes AGinj (eV) AGmg (eV) | u (Debye)
YZ7 |1.82 1.45 11.81 HJ8 1.78 1.34 13.34
HJ2 | 181 1.33 14.21 HJ19 | 1.49 1.29 17.70
HJ14 | 1.48 1.56 14.23 HJ20 | 1.55 1.24 16.38
HJ15 | 1.54 1.50 13.66 HJ21 | 1.36 0.93 20.61
HJ16 | 1.35 1.05 16.01 HJ22 | 1.37 0.94 21.46
HJ17 | 1.36 1.09 16.68 HJ23 | 1.30 0.70 25.39
HJ18 | 1.29 0.69 19.12

Table 3. TDDFT-calculated photovoltaic parameters in related DSSCs.

Table 2; Fig. 5. In the D-n-A-n-A-type dyes HJ14, HJ15, HJ16 and HJ17, the HOMO electronic distribution
was observed in the D1, ntl and Al regions, whereas the LUMO exhibited an expansion in the nl, A1, 2 and
A2 regions, a finding that aligns with our previous study'’. For the maximum absorption wavelength A__, as
shown in Table 2, the HOMO->LUMO excitation is dominant in the D-nt-A dyes, accounting for 69.7% of the
YZ7. When the fCDT insert is placed in the A1 site to form HJ2, the contribution of HOMO->LUMO excitation
decreases to 38.8%. However, the use of BTD and difluorinated BTD motifs resulted in a slight decrease in the
contribution of HOMO->LUMO excitation, from 63.3% and 65.6-60.6% and 63.3%, respectively. In contrast to
our earlier fCDT electron acceptor sensitizers, the primary contributing transition in the first excited state of
the dye molecule based on the BTD acceptor is, in agreement with YZ7, a HOMO->LUMO transition rather
than a HOMO-1-5>LUMO transition. The CSSH acceptor resulted in a decrease in the contribution of 6.4% and
4.1-63.3% and 65.6%, respectively. The substitution of the carboxyl group at the A2 site with a CSSH group is
predicted to result in a further reduction in the proportion of HOMO->LUMO, which increases to approximately
50%. Nevertheless, despite this reduction, the HOMO->LUMO excitation continues to represent the dominant
form of the S;>S, spectrum. The primary electronic transition component of HJ19 and HJ20 was identified as
HOMO-LUMO excitation, which accounted for contributions of 54.6% and 52.3%, respectively. The secondary
transition was found to be HOMO-1->LUMO excitation, which contributed 27.2% and 28.1%, respectively.

Photovoltaic properties of DSSCs
It is essential to consider the photovoltaic properties when integrating dyes into solar cells. The electrons from the
donor motifs of the dye are transferred to the acceptor motifs, which are induced by sunlight, and subsequently
injected into the semiconductor films and solar cell utility. The Gibbs free energy change, AG, , is indicative of
the driving force governing the injection of electrons. Conversely, the electrons of the dye are replenished and
regenerated by the redox electrode, the driving force of which is determined by the parameter AG,,,. As shown
in Table 3, the AG,  and AGreg values for HJ14-HJ17, HJ19 and HJ20 were greater than 1.0 eV. In-accordance
with Islam’s theory®, a AG, ; value exceeding 0.8 eV and a AG__, value exceeding 0.5 eV are capable of facilitating
rapid electron injection and regeneration. Consequently, the (%yes employed in this study, including HJ19 and
HJ20, exhibited a sufficient driving force to guarantee the injection of electrons into the semiconductor and their
injection by the redox electrode.

A comprehensive analysis of these data revealed that HJ19 and HJ20 were the most promising candidates
for use in D-m-A-n-A systems for efficient dye-sensitized solar cells. These compounds exhibited the greatest
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Fig. 6. Fragment TMD heatmap of HJ2, HJ8, HJ14-HJ23.

absorption in long-wavelength sunlight, the longest first-excited lifetime, and the largest short-circuit current
density and open-circuit voltage.

TDM analysis
The TDM yielded a substantial amount of data pertaining to the electron jump characteristics of the dye
molecules during the excitation process. To guarantee the veracity of the findings, the examination of the TDM
was confined to coefficients with absolute values exceeding 107*. In this investigation, the fragment TDM was
employed as the analytical tool. The YZ1 molecule was subdivided into three fragments for analysis in the TDM,
comprising a donor fragment (Fragment 1), a w fragment (Fragment 2) and an acceptor fragment (Fragment 3).
The remaining dyes, HJ2, HJ8 and HJ14-H]J23, were found to comprise five fragments. Additionally, the D1
fragment (Fragment 1), il fragment (Fragment 2), A1 fragment (Fragment 3), n2 fragment (Fragment 4) and A2
or A3 fragment (Fragment 5) were also considered. The data for YZ1, HJ2 and H)8 were derived from a previous
calculation'”. Further details regarding the fragmentation process can be found in the supporting information.
Figure 6 presents a heatmap of the S >S, fragment transition matrix for HJ2, HJ8, H14-H16 and
HJ19-HJ21, which were selected as representative photosensitizers owing to their predominant structural
modifications. The Supporting Information also includes heatmaps displaying the TDM properties of other
dyes (Figs. S3, $4). The heatmap of f{CDT-based HJ2 revealed a multitude of nondiagonal elements with notable
values, exemplified by nondiagonal fragment 1/fragment 3 (in green) and fragment 4/fragment 3 (in green). This
suggests that electron transfer in the D1 motif, A1 motif and n2 motif of the D-n-A-n-A molecule is a pivotal
factor in determining its optoelectronic properties'”. In the case of the dye molecules HJ14 and HJ15 with BTD
and difluorosubstituted BTD, the values of the off-diagonal elements were insignificant relative to those of the
diagonal elements. Furthermore, fragment 1 (ullazine electron-rich group) had the largest value in red. The leaps
were predominantly local excitations, concentrating the Ullazine electron-rich group. The diagonal elements of
the 1,3 fragments of HJ14 and HJ15, as well as those of fragments 3 and 1, were light blue, indicating that the
electron transfer from fragment 1 (ullazine electron-rich motif) to fragment 3 (BTD and difluorinated BTD)
also made a minor contribution. Nevertheless, the expansion of the conjugation space of the BTD introduced
a more complex electron-leaping situation. In HJ16, which contained conjugated substituted BTD electron
acceptor motifs, the anomalies between the nondiagonal elements 1,3 and 1,4 became more pronounced and
were unfavorable for the overall photovoltaic performance, with the exception of fragment 1 (red) and fragment
3 (green), which presented larger values. Replacing the carboxyl group at position A2 with a CSSH group resulted
in thermogram images for HJ19 and HJ20 that were similar to those of HJ14 and HJ15. Fragment 1 (ullazine
electron-rich group) retained its largest value in red. However, the values of the diagonal meta-fragment 4 and
the nondiagonal meta-fragment 1 slightly increased, indicating that the contribution to the electron transfer
of fragment 1->fragment 4 was increased because of the effect of the CSSH group. This finding aligns with the
outcomes presented in Table 2 and the analytical results depicted in Fig. 6. The results are consistent.

Conclusion

In this study, we designed ten D-ni-A1-n-A2 dye-sensitive molecules (HJ14-HJ23) on the basis of the acceptors
of BTD and its derivatives at the Al position and the CSSH groups at the A2 position. We then proceeded
to investigate the effects of the acceptors on their photovoltaic properties via DFT and TDDFT calculations.
First, following the replacement of the electron acceptor group at the Al position with HJ2, the dye molecule
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retained a nonplanar structure. This structure helps prevent spontaneous aggregation of the dye molecule and
improves its stability. Following the replacement of the fCDT electron acceptor with the BTD electron acceptor,
the LUMO energy level of the molecule was found to be significantly reduced. This resulted in a decrease in the
HOMO-LUMO energy gap, which is favorable for the spectral redshift. Second, the dyes (e.g., HJ14 and HJ15)
utilizing BTD and its fluorinated derivatives as the A1 moiety exhibited notable redshifted absorption spectra
within the visible range, with a maximum absorption wavelength of 592 nm, which is 40 nm redshifted in
comparison to that of the original dye, HJ2. Furthermore, these dyes demonstrated exceptional optoelectronic
characteristics, exhibiting high maximum extinction coefficients and light-trapping efficiencies. Moreover,
the electron injection drive and regeneration drive of the dye molecules exceeded the theoretical thresholds,
indicating that these dye molecules possess sufficient electron injection and regeneration capabilities in DSSCs.
In particular, dyes HJ19 and HJ20 are regarded as the most promising candidates for high-efficiency DSSCs,
given their wider absorption range, longer excited state lifetime, and higher light capture efficiency. Ultimately,
TDDFT orbital analysis and TDM analysis demonstrated that the primary contribution of the dye molecule to
the S,>§, transition is derived from the HOMO-LUMO transition. Despite the reduction in the proportion
of the HOMO-LUMO contribution following the introduction of BTD and its derivatives, it still occupies a
dominant position. This finding indicates that the incorporation of the BTD moiety did not alter the primary
electron-leaping mechanism of the YZ7 dye molecule.

Data availability
All data generated or analysed during this study are included in this published article and its Supplementary
Information files.
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