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New D-n—A Dyes Based on Indolo[3,2,1-jk]carbazole and
Thienopyrrolo[3,2,1-jk]carbazole for Application in Dye-Sensitized
Solar Cells

Grazyna Szafraniec-Gorol*?, Pawel GnidaP, Sonia Kotowicz?, Pawel Czulkin<, Ewa Schab-Balcerzak®®

Six new D-1t-A type molecules were designed, synthesized, and investigated. The donor moieties were rigid, tripod-shaped
polycyclic heteroaromatic indolo[3,2,1-jk]carbazole (ICz) and thieno[2’,3":4,5]pyrrolo[3,2,1-jk]carbazole (TPCz) skeletons,
while the acceptor groups were cyanoacrylic acid and rhodanine-3-acetic, and the linkers were phenyl, thiophene, and an
acetylene bridge. TPCz is a stronger donor than ICz, which destabilises the HOMO orbital in the molecules and lowers the
energy band gap. The optical and electrochemical properties were thoroughly analysed by comparing experimental data
with DFT and TD-DFT calculations. The potential of the synthesized compounds for photovoltaic applications was
investigated in dye-sensitized solar cells. It was found that the device sensitized with the TPCz molecule containing a
cyanoacrylic acid unit exhibited the best performance compared to the others; however, the power conversion efficiency
(PCE) was low, 1.31%. This molecule appears to act as a complementary sensitizer to the commercial N719 dye. Therefore,
additional device engineering strategies were implemented, including co-sensitization with N719, incorporation of a co-
adsorbent (chenodeoxycholic acid), introduction of a blocking layer, and operation under reduced illumination conditions.
These modifications resulted in a significant enhancement of PCE, reaching 12.30% under reduced illumination (10 mW

cm2),

Introduction

As the world's population grows and industries evolve, the
demand for electricity continues to increase. To meet the needs
of current and future generations while minimising the negative
impact on the climate, clean and renewable energy sources are
increasingly being adopted. One promising solution that
addresses these challenges is dye-sensitized solar cells (DSSCs).
In recent years, the use of metal-free organic sensitizers (dyes)
has increased rapidly due to their lower production costs and
reduced environmental impact compared to Ru-based dyes.1?
Organic dyes offer several advantages, including broad
absorption in the visible region, high molar extinction
coefficients, structural tunability, relatively low fabrication
costs, and straightforward synthesis and purification. The
sensitizer is a crucial component of the solar cell, and its
molecular  design  fundamentally determines  device
performance. Dye accumulates solar radiation and converts
photons into electrons via a push-pull process. Electrons are
transferred from the donor fragment (D) through the m-spacer
to the acceptor fragment (A). Current research focuses primarily
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on D-1-A, D-D-1t-A, or D-mt-D-1t-A dye structures.3* Commonly
investigated acceptor groups include cyanoacrylic acid33,
rhodanine-3-acetic acid*?, and carboxylic acid®, with particular
attention devoted to their influence on dye adsorption onto the
TiO; surface, electron injection efficiency, and long-term device
stability. Appropriate m-spacers can improve device
performance in several ways, including broadening the
absorption spectrum, improving intramolecular charge transfer
(ICT), or optimising molecular aggregation. Frequently
employed linkers include phenyl3>68, thiophene3®, furan3, or
other heteroarenes. Derivatives of triphenylamine (TPA),
carbazole (cb)*>7:111213 phenothiazine (PTZ)>418, and
indole31%20 gre the most commonly used to make donor units.
More recently, polycyclic heteroaromatic (PHA) molecules
containing nitrogen and sulfur atoms have emerged as
promising donor motifs in DSSCs.3 The presence of a
heteroaromatic core within a rigid, conjugated scaffold can
broaden absorption, facilitate intermolecular charge transfer
and prevent charge recombination. Increased molecular rigidity
is generally beneficial for achieving higher Jsc values, as it
enhances electron delocalisation and can reduce non-radiative
energy losses. Moreover, the introduction of stronger donor
motifs with dual electron-donating centers can raise the HOMO
energy level and enhance ICT and light-harvesting ability,
thereby contributing to improved Jsc. 132

One such PHA system that has attracted significant attention in
recent years in the field of organic electronics is indolo[3,2,1-
jk]lcarbazole (1Cz).62:1221-31 |n g flat ICz structure, the availability
of the nitrogen atom's free electron pair can be adjusted by
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attaching substituents of different electron strengths to the
core. Consequently, its donor-acceptor strength can be readily
tuned.32 This enables precise modulation of its charge-transfer
(CT) characteristics, which in turn can influence the emission
wavelength and enhance the luminescence quantum yield.
Such controllable optoelectronic properties are crucial for the
development of advanced electronic devices. ICz derivatives
have been investigated in DSSC cells®21%.20, QLEDs2228-30,33-36
TADF emitters3%37, and many others.

To our knowledge, few DSSC cells with ICz-based dyes have
been developed. Luo et al. obtained and tested the dyes with
ICz as the donor, phenyl and thiophene as the n-linkers, and
cyanoacrylic acid as the acceptor. The best cell, which had
thiophene as a m-spacer, achieved a power conversion
efficiency (PCE) of 3.68% with a Voc of 0.66 V.6

On the other hand, Cao et al. developed DSSC cells with 2,5-
ditertbutylindolo[3,2,1-jk]carbazole as the donor moiety,
bithiophene derivatives as the n-spacers, and cyanoacrylic acid
as the anchoring group. The cells' efficiency was improved by
using a co-adsorbent, chenodeoxycholic acid (CDCA), whose
concentration significantly affected the cells' photovoltaic
properties. The best power conversion efficiency of DSSC cells
using D-1t-A dyes was 4.66%.%1

Recently, Al-Furaiji et al. synthesised two D-1t-A dyes, where the
donor fragment was ICz, the n-bridges were highly conjugated
dithieno[2,3]pyridine derivatives, and the anchoring groups
were squaraine-indoline-5-carboxylic acid. The dyes exhibited
very wide absorption ranges. A DSSC cell based on one of these
dyes exhibited a power conversion efficiency of 8.5%.
Additionally, a tandem dye cell with N719 achieved an
impressive efficiency of 13.55%.°

In our previous work, the impact of the thickness of the TiO,
blocking layer on DSSC performance based on D-m-D-A
architecture metal-free organic dyes and commercial N719 has
been investigated. In our dye, the peripheral donor was ICz, the
central donor was 10-octylphenothiazine and the anchoring
group was cyanoacrylic acid. A DSSC cell based on a free dye
exhibited a PCE of 3.7%. However, using a dye as a co-sensitizer
in a tandem DSSC enabled the N719 loading to be significantly
reduced while maintaining a PCE of 8%.22

The success of the dyes used in DSSC cells depends on two
things: efficient charge transfer from the donor to the acceptor,
and sufficient charge separation within the molecule. These
requirements can be fulfilled by ensuring a high degree of
coplanarity and extended m-conjugation across the molecular
framework. Therefore, the aim in dye structures is to achieve
the smallest possible dihedral angle between fragments.
However, highly planar structures are prone to aggregation on
the semiconductor surface, which adversely affects the
photovoltaic parameters of the cell. This can be prevented by
adding a co-adsorbent, such as chenodeoxycholic acid (CDCA).38
In our study, we aimed to investigate the polycyclic
heteroaromatic hydrocarbons — the well-known I1Cz and
thieno[2’,3":4,5]pyrrolo[3,2,1-jk]carbazole (TPCz).

The synthesis, optical, and electrochemical properties of TPCz
were first published by Bader et al.3° The strength of the donor
properties of this skeleton in relation to ICz is enhanced by
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Fig. 1 The structures of the obtained dyes (ICz-A — TPCz-D).

replacing the phenyl ring with a thiophene ring. TPCz exhibits a
flat molecular geometry and destabilises the HOMO orbital and
stabilises the LUMO orbital level, highlighting its strong
potential as a component in donor—acceptor
architectures. To the best of our knowledge, this is the first
report describing the application of TPCz as a donor building
block in D—t—A-type functional organic materials.

Inspired by such findings, we designed and synthesised six novel dyes
D-m-A type, denoted as ICz-A — 1Cz-B and TPCz-A — TPCz-D. The
donor fragments are tripod-flat fused PHA: indolo[3,2,1-
jk]carbazole (ICz) and thieno[2’,3":4,5]pyrrolo[3,2,1-
jk]carbazole (TPCz). The thermal, optical, and electrochemical
properties were examined and correlated with DFT and TD-DFT
calculations. The synthesized compounds were evaluated as
sensitizers in third-generation photovoltaic (PV) devices,
namely dye-sensitized solar cells (DSSCs), in order to assess
their photovoltaic performance under reduced irradiance
conditions. Owing to their distinctive optoelectronic properties,
DSSCs are considered promising candidates for efficient energy
conversion in low-irradiance environments. 104041

donor

Results and Discussion
Synthesis, structural characterization and thermal properties

Our previous studies have consistently demonstrated the
applicability of ICz both as a sensitizer in DSSCs and as a light-
emitting material.16282° |nspired by Bader's work3® on
enhancing the donor strength of TPCz, we designed a series of
six D-m-A dyes. In all structures, the donor unit consists of a
planar, fused-ring scaffold connected to the acceptor through a
simple m-spacer (phenyl or thiophene). Five of the dyes
incorporate a phenyl m-linker, with TPCz-D being the only
exception. An additional acetylene bridge is introduced in four
derivatives: ICz-A, I1Cz-B, TPCz-A and TPCz-B. The -C=C- linkage
extends m-conjugation while simultaneously enhancing the
intramolecular charge transfer (ICT) characteristics.
Cyanoacrylic acid and rhodanine-3-acetic acid were employed
as electron-withdrawing/anchoring groups. The chemical
structures of the designed, synthesized, and investigated D-mt-A
compounds are presented in Fig. 1. The multistep synthesis
procedure for the aforementioned dyes is outlined in Scheme
S1inthe SI. The first stage involved the preparation of the donor
cores (ICz, TPCz) according to our previously reported
procedure for 1Cz?° and literature methods for TPCz.3°
Monosubstituted halogen intermediates were subsequently
obtained using NIS as an iodinating agent,

This journal is © The Royal Society of Chemistry 20xx
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Table 1. The optimised structures (B3LYP/6-311G(d,p) in DCM) of ICz-A — TPCz-D with contours (0.025) of HOMO and LUMO orbitals and their energies, and the contribution of the
individual parts of molecules in their creation (core/ring/acetylene bridge/anchoring group).

Dye % HOMO HOMO [eV] LUMO [eV] % LUMO AE [eV]
anchoring acetylene
Phring IST:(WP |5% 5% bridge
- : Ph ring
7%
anchoring 2.75
ICz-A " L group
’ le4%]
)
-5.93 -3.18
anchoring ais%ﬂena
10% group ridge
e o
Ph ring
ICz-B  acetylen 2.6
bridge ICz
14% 63% anchoring
group
- -5.88 -3.28
i _ acstylens
Phring '4712“;:10%:”9 gt 12%] bridge
13% bt ,ﬁ‘
’ J anchoring
TPCz-A i 2.64
Z- acelylene = .
briige =X -
26%
7% @ T e Y N TR
/_‘ 5 3 Phring
-5.77 -3.13
anchonng [ TPCz [10% 5%
Ph rmg gral.lp acetylene
[14%] ridge
TPCz-B 2% 2.52
acatylen [63%] Ph ring
brldge B anchonng
. group
-5.70 -3.18
anchoring FCZ
Phring ?% group
16% anchoring
group
TPCz-C e 2.73
TPCz =5 mg
7% "
-5.95 -3.22
anohonng anchoring TPCz
15% group group
TPCz-D 1hr|ng 555
6 th ring
-5.94 -3.39
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Fig. 2 Temperatures corresponding to 5% weight loss (Ts) determined by TGA for
the investigated dyes.

yielding 2-iodoindolo[3,2,1-jk]carbazole (ICz-1) and 5-iodo-
thieno[2’,3":4,5]pyrrolo[3,2,1-jk]carbazole (TPCz-1). In the
subsequent step, Sonogashira and Suzuki-Miyaura cross-
coupling reactions were carried out using [Pd(PPhs)s] as the
catalyst. For the Sonogashira reactions, Cul was used as a co-
catalyst, with NEts/THF as the solvent, and the reactions were
conducted at 70 °C for 24h. In the Suzuki—Miyaura reactions, a
2M sodium carbonate solution served as the base in a
toluene/ethanol system;
performed at 90 °C for 24h. The target compounds were
obtained in yields of up to 90%. The final dyes (Fig. 1) were
obtained via a Knoevenagel condensation. For ICz-A, TPCz-A,
TPCz-C, and TPCz-D, cyanoacetic acid (11 equiv.) was used,
whereas rhodanine-3-acetic acid (4 equiv.) was used for I1Cz-B
and TPCz-B. The reactions were carried out in CHCl3/MeCN or
EtOH, at 80—90 °C for 24h, affording the desired products in
yields ranging 23% to 86%. The chemical structures and purities
of the dyes were confirmed by 'H and 3C NMR and high-
resolution mass spectrometry.

Organic dyes employed in DSSCs must exhibit sufficient thermal
stability to ensure reliable operation within the typical device
temperature range (25—-80 °C). To evaluate the thermal stability
of synthesized compounds, thermogravimetric analysis (TGA)
was performed under a nitrogen atmosphere (see SI, Fig. S1).
The temperature of 5 (Ts) and 10% (Ti0) weight loss and
maximum decomposition rate temperature (Tmax) from the
differential curve (DTG) and char residue at 700 °C are
presented in Table S1 in the SI. All dyes exhibit relatively high
char residues at 700 °C, ranging from 48% to 73%. The Ts values
range from 106 to 352 °C (see Fig. 2), and major decomposition
processes occur in the 215 — 382 °C range for all dyes. With the
exception of TPCz-D, no significant mass loss is observed below
214 °C for most dyes. Among the investigated compounds, 1ICz-B
displays the highest thermal stability. Overall, dyes
incorporating the ICz core exhibit slightly higher thermal
stability than their TPCz-based analogues. A comparison of
TPCz-A and TPCz-C indicates that the introduction of an
additional acetylene linker reduces the thermal stability of the
TPCz derivatives, as reflected by lower Ts and Tmax Values (Table
S1in SI; Fig. 2). Moreover, TPCz-D is the least thermally stable

solvent these reactions were

4| J. Name., 2012, 00, 1-3

View Article Online
compound, suggesting that incorporatioP6f d thiopHere Hridge
significantly weakens the structural integrity of the dye. Such
reduced thermal stability may adversely affect the long-term
operational stability of DSSC sensitized with TPCz-D.
Nevertheless, the thermal stability of the remaining dyes
exceeds that of our previously reported donor—acceptor dye
based on ICz—phenothiazine derivatives'® and is comparable to
other ICz-containing dyes reported in the literature®, supporting
their applicability as DSSC sensitizers.

Theoretical calculations

For a more in-depth analysis of the optical and electrical
properties, as well as explanations of the results of photovoltaic
behaviour of prepared dyes ICz-A — TPCz-D, the quantum
chemical calculations based on density functional theory (DFT)
and time-dependent-density functional theory (TD-DFT) were
carried out using the Gaussian 16 program?*? and B3LYP and
CAM-B3LYP exchange-correlation functionals were employed.
The LANL2DZ basis set was used to model the titanium atoms in
calculations involving (TiO3)s clusters, while other atoms were
modelled using the 6-31G(d,p) basis set. To account for
solvation effects in dichloromethane, all calculations were
conducted using the polarizable continuum model (PCM).*?
Table 1 presents the optimised geometries, HOMO and LUMO
orbital distributions, their energies, and the percentage
contributions of the different molecular fragments (donor core,
phenyl/thiophene ring, acetylene linker, and anchoring group)
calculated at the B3LYP level for ICz-A — TPCz-D. The HOMOs of
all dyes are predominantly localized on the donor core (ICz or
TPCz). In ICz-A, I1Cz-B, TPCz-A, and TPCz-B, approximately 15%
of HOMO density is distributed over the ethynyl bridge, while a
further 13% is localized on the phenyl ring. For ICz-B and TPCz-
B, which incorporate rhodanine-3-acetic acid as the anchoring
group, about 12% of the HOMO density resides on the
rhodanine ring; whereas, no significant contribution is observed
from the terminal carboxylic acid group. In the dyes lacking an
additional acetylene linker (TPCz-C and TPCz-D), 16% and 22%
of HOMO density is localized on the phenyl and thiophene
linkers, respectively. The LUMOs are mainly localized on the
anchoring acceptor groups, which is favorable for electron
injection from the photoexcited dye into the conduction band
of TiO, upon adsorption onto the semiconductor surface. In
addition, approximately 20—34% of the LUMO density extends
onto the adjacent aromatic nt-spacer (phenyl or thiophene ring).
This frontier molecular orbital (FMO) distribution suggests that,
upon photoexcitation, charge transfer proceeds from the
donor-centered HOMO (localized on ICz or TPCz) toward the
acceptor-centered LUMO (localized on the anchoring group),
through the conjugated m-bridges (acetylene and/or aromatic
linkers), thereby promoting electron injection into TiO,. The
percentage contributions of the individual molecular fragments
to the HOMO and LUMO orbitals, as obtained from DFT
calculations, are very similar for both functionals (B3LYP and
CAM-B3LYP).

This journal is © The Royal Society of Chemistry 20xx
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Table 2. The optimised structures of dye—TiO, complexes calculated at the B3LYP/LANL2DZ/6-31G(d,p) level in DCM, with molecular orbital contours (isovalue = 0.03) for HOMO-1,

HOMO, LUMO, and LUMO+1, their corresponding energies, and energy gaps (Exomo-ELumo)-

dye@TIO, HOMO-1 [eV] HOMO [eV] LUMO [eV] LUMO+1 [eV] AE [eV]
Con@TIO. T@ z? W | M_ .
605 -5.56 3.35 3.22
bO NG o
ICz-B@TiO, X S S X T
. -
-5.97 -5.46 -3.35 3.22
-5.89 -5.51 3.35 3.23
TPCz-B@TIO, 207
5.84 -5.40 3.37 -3.23
TPC2-C@TIO, M M 2.22
-5.88 -5.57 3.35 3.22
TPC2-D@TIO j S Y
-5.91 -5.49 -3.34 3.21

However, as discussed below, the trends in the orbital energies
and the HOMO-LUMO gaps calculated at the B3LYP level are in
closer agreement with electrochemically estimated values
derived from CV measurements (Table 4) than those obtained
using CAM-B3LYP.

An energy-level diagram illustrating the calculated FMO
energies for ICz-A — TPCz-D is shown in Fig. S2 in the SI. Analysis
of the FMO levels reveals that the HOMO energies of all dyes
are located in the range of approximately -5.7 to -5.95 eV,
substantially below the redox potential of the I7/15™ couple (-4.8
eV). This energetic alignment is expected to facilitate dye

regeneration and may reduce the likelihood of charge
recombination between the oxidized dye and electrons in the
TiO, layer. Notably, the HOMO levels of TPCz-A and TPCz-B are
approximately 0.2 eV closer to the I/15" redox potential than
those of their indolocarbazole core counterparts. This shift may
be beneficial for tuning the open-circuit voltage and could
improve photovoltaic performance in DSSC devices, although
additional factors also influence overall device efficiency. The
LUMO energy levels meet the fundamental requirements for
efficient dyes. They range from -3.18 eV to -3.39 eV, remaining
above the conduction band edge of TiO,.

Please do not adjust margins
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. Absorption Amax (nm) PL
Y (£/10° [Micm™)) y
) Aem (NM) [Stokes . 0]
DCM DMF TiO ht %
02 Shift (cm)] {ns) [weight %] (%)
291(2.4); 348(2.6); 1.28 [1.4330 (45.85%), 2.3728
ICz-A 283(0.35); 378 (0.45) 401 571 [7675] 59
365 (2.4) (54.15%)]
278(8.1); 285(4.5); 0.73[0.3188 (16.06%), 0.7313
IC2-B 272(3.0); 380(0.29); 422(0.4) 437 583 [5783] 9
422(1.72) (80.10%), 2.4768 (3.83%)]
273(8.1); 368(3.4); 0.68 [0.5628 (89.94%), 1.7708
TPCz-A 278(0.67), 376(0.22), 414(0.26) 435 607 [7055] 17
392(2.7); 408(2.5) (10.06%)]
278(3.0); 342(0.29); 362(0.42); 284(2.4); 311(1.9); 1.27[0.1568 (12.18%), 0.7913
TPCz-B 390 613 [5100] 16
398(0.24) 360(3.7); 450(2.00) (21.19%), 1.6330 (66.62%)]
289(0.8); 367(2.2); 1.67 [0.7613 (19.47%), 2.0756
TPCz-C  278(2.82); 376(0.26); 423(0.33) 453 572 [5719] 47
394(2.0) (80.53%)]
307(0.3); 376(0.7); 1.06 [0.2773 (48.47%), 0.8235
TPCz-D 278(3.49); 462(0.192) 448 575 [4880]

424(1.1); 450(0.8)

(21.44%), 2.513 (30.09%)]

This alignment is favorable for thermodynamically allowed
electron injection from the excited state of the dye into the
semiconductor. The calculated energy band gaps are
summarized in Table 1 and illustrated in Fig. S2 in SI.

The AE values for the investigated dyes fall within the range of
2.52 eV — 2.75 eV. A slight reduction in the energy gap is
observed for pairs of compounds featuring identical m-linkers
and acceptor groups but different donor cores (ICz and TPCz).
The smallest energy band gap is calculated for TPCz-B, which
could be attributed to the more electron-donating character of
the TPCz core, leading to destabilization of the HOMO, in
combination with the stronger electron-withdrawing nature of
the rhodanine-3-acetic acid acceptor, which contributes to
modest stabilization of the LUMO.

To obtain a more comprehensive understanding of the
photovoltaic performance, the quantum-chemical calculations
were further extended to the dye-TiO, complex systems. A
(TiO2)9 cluster was implemented as a model semiconductor
substrate for dye adsorption in DFT calculations. Small model
clusters have previously been successfully applied to investigate
the sensitization of nano-TiO, by structurally related dye-TiO,
systems.81444.45 Table 2 presents the contour plots and energies
of selected frontier orbitals (H-1, H, L, and L+1) for the dyes
anchored to the (TiO3)s cluster. The occupied orbitals (H-1, H)
are predominantly localized on the donor core (ICz, TPCz),
although the HOMO also shows partial delocalization onto the
linker. In contrast, the unoccupied orbitals (L, L+1) are fully
localized on the (TiO.)s cluster. The energies of the HOMO
orbitals increased relative to those of the isolated dyes;

whereas the LUMO levels decreased slightly. As a result, the
band gaps are reduced by approximately 0.5 eV compared with
those of the free dyes, which is advantageous for potential
photovoltaic device applications. Overall, these energy levels
indicate that the investigated compounds possess sufficient
driving force for use as sensitizers in DSSC devices.

It is well established that the CAM-B3LYP hybrid functional is
often reported to provide improved agreement with
experimental data, particularly for systems involving significant
charge-transfer interactions. This functional has consistently
been shown to offer a more reliable description of long-range
electronic properties.®2144647.48 Accordingly, it was employed
to characterize the electronic transitions in the dye-TiO,
complexes. The simulated absorption spectra of the dye-TiO»
complex systems are presented in Fig. S3in Sl, and are discussed
in detail below. Table S2 summarizes the TD-DFT results (CAM-
B3LYP/LANL2DZ; 6-31G(d,p)) for the lowest-energy absorption
bands and the corresponding light-harvesting efficiency (LHE)
values of the dye@TiO, complex systems. The LHE values were
estimated using the equation: LHE = 1 - 10, where f represents
the oscillator strength of the electronic state associated with
Amax. Thus, LHE reflects the fraction of incident photons
absorbed by the dye and can be directly related to its ability to
harvest light and generate an excited state.*>*° All investigated
dyes exhibit high LHE values (>0.94), suggesting their potential
for effective light harvesting in DSSC devices. However, the
calculated electronic transitions are confined to a relatively
narrow spectral range.
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Fig. 3. The UV-Vis absorbance spectra of dyes in a) DCM and b) DMF (C = 1 x 10> M); and c) binding to TiO, (glass/FTO/TiO2@dye) and d) PL spectra in DCM of dyes
(C=1x10°M).

The longest-wavelength maximum transition calculated is 441
nm for the TPCz-D@TiO, complex, and the shortest absorption
transition calculated is 378 nm for ICz-A@TiO,.

Photophysical properties

The photophysical properties of new ICz-A — TPCz-D were
investigated in solutions using absorption and emission
spectroscopy in UV-Vis range and data were collected in
Table 3, and spectra were presented in Fig. 3. Additionally, the
UV-Vis spectra of the molecules adsorbed on TiO,, forming the
photoanode in the DSSCs, were analyzed. Dye solutions in DMF
(C = 3 x 10* M) were used for the preparation of the
photoanodes. The UV-Vis spectra of free dyes were measured
in DCM (Fig. 3a) and DMF (Fig. 3b) solutions (C =1 x 10 M) at
room temperature. The photoluminescence (PL) spectra, PL
quantum yields, and lifetimes of all dyes were determined in
DCM solutions (C =1 x 10° M).

Several characteristic regions can be distinguished in the

absorption spectra of dyes. Compared with DCM, the spectra
recorded in DMF exhibit better-resolved and more clearly
defined absorption bands. The high-energy bands observed
around 280 nm originate from m-m* transitions with a strong
contribution from the lone pair electrons on the central
nitrogen atom.3° In the spectral region of approximately 350—
370 nm, a highly distinctive band occurs, formed by mn-n*
transitions within the ICz and TPCz cores.?®3° The lowest-energy
absorption bands were observed around 360-450 nm. NTO
analysis (Table S3 in SI) was used to gain deeper insight into the
nature of the lowest-energy electronic transition. For higher-
energy excitations, which typically involve a more complex
mixture of electronic configurations, the dominant molecular
orbital contributions (e.g., HOMO - LUMO, HOMO-1 - LUMO)
are discussed to provide a qualitative description of the
absorption features (Tables S5 and S7 in the Sl). The absorption
transition values calculated for dyes using the TD-DFT/CAM-
B3LYP method, including solvent effects, show good agreement

with the experimental data, with deviations of approximately
40 nm for the lowest-energy bands.

For ICz-A, the main absorption band appears at approximately
350-400 nm, and results from the overlap of two transitions, as
indicated by TD-DFT analysis: the m-it* transition localized on
the core and a transition of mixed the LE/CT. In contrast, 1Cz-B
exhibits significantly broader light absorption, extending up to
450 nm, which can be attributed to the presence of the
rhodanine-3-acetic acid anchoring group.

Furthermore, the incorporation of the more electron-rich TPCz
core leads to a pronounced broadening of the absorption
spectrum. In the case of TPCz-A, two distinct absorption bands
are observed, with the LE/CT transition red-shifted by 36 nm
relative to its ICz-A analogue. This shift suggests enhanced
push—pull interactions between the electron-rich TPCz donor
and the electron-withdrawing cyanoacrylic acid anchoring
group, consistent with the mixed LE/CT character of the
transition. However, upon replacement of the anchoring group
with rhodanine-3-acetic acid, the LE/CT band in TPCz-B (around
450 nm) shows reduced intensity. A similar trend is observed for
TPCz-D, which, despite covering a broad spectral range, exhibits
relatively low molar extinction coefficients.

Luo reported two structurally related dyes: 2-cyano-3-(4-
(indolo[3,2,1-jk]carbazol-2-yl)phenyl)acrylic acid (IC-1) and 2-
cyano-3-(5-(indolo[3,2,1-jk]carbazol-2-yl)thiophen-2-yl)acrylic
acid (IC-2), and investigated their absorption and emission
spectra in dichloromethane (DCM). Comparison of ICz-A with
IC-1 indicates that the introduction of an additional acetylene
bridge does not significantly alter the absorption spectral range.
In contrast, for dyes containing a thiophene spacer (TPCz-D and
IC-2), a bathochromic shift of approximately 25 nm is observed,
confirming the enhanced donor strength of the TPCz core.®
The studied compounds adsorbed on TiO, exhibited absorption
spectra that differed from those recorded in solution (cf. Fig.
3c). All dyes anchored to the TiO, semiconductor showed
broadened absorption bands. The observed bathochromic shift
in the absorption range upon binding to TiO, suggests the
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possible formation of J-aggregates (see Fig. S5 in SI).1%°0 The
broadest absorption range, extending up to 600 nm, was
observed for the photoanode sensitized with the TPCz-D
compound; however, the highest absorption intensity was
recorded for TiO, sensitized with TPCz-C.

Investigation of the photoluminescence properties revealed
that all the dyes exhibit orange-red emission (see Fig. 3d). The
maxima of PL band (Aem) are located in the range of 571 - 613
nm. Comparison of analogues containing identical mt-linkers and
acceptor groups (ICz-A — TPCz-B) shows a pronounced
bathochromic shift of approximately 33 nm in the emission
maximum for the TPCz-based donor systems relative to their ICz
counterparts. In contrast, TPCz derivatives lacking an acetylene
bridge (TPCz-C and TPCz-D) display very similar Aem — around
575 nm, indicating that replacement of the spacer from phenyl
to thiophene does not significantly affect the excited-state
energy level. However, introduction of an additional triple bond
(-C=C-) into the D-1t-A system induces a bathochromic shift in
the emission maximum (TPCz-A - Aem = 607 nm;
TPCz-C - Aem =572 nm). A similar trend is observed for ICz-
based systems, where ICz-A exhibits a red-shifted emission
maximum compared to I1C-2.6

All compounds exhibit significant Stokes shifts ranging from
4880 cm™ to 7675 cm’, indicating substantial structural and
electronic reorganization in the excited state. Notably, 1Cz-A
and TPCz-A, which contain an additional acetylene bridge,
display higher Stokes shift values than the other derivatives. In
contrast, TPCz-C and TPCz-D, which lack an additional triple
bond, show comparatively smaller Stokes shifts, as expected for
donor-acceptor systems. To rationalize these observations, the
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optimised geometries of the Sp and S, states (CAMyB3LYRLWere
compared (Table S6 in Sl). In the excite@Statel{Sy),PacetylepdR
linked derivatives (ICz-A—TPCz-B) exhibit a shortening of the C—
C bonds between the acceptor—acetylene and donor—acetylene
fragments by approximately 0.04 A, indicating increased m-
conjugation upon excitation. In contrast, derivatives without
acetylene bridges (TPCz-C and TPCz-D) adopt a planar geometry
in the S; state, whereas in the So state a twisted conformation is
present, with a dihedral angle of approximately 20° between
the donor units and adjacent aromatic rings. Such pronounced
geometrical reorganization leads to enhanced m-conjugation
and stabilization of the S, state relative to the So minimum. In
donor—acceptor systems, excited-state planarization and
increased electron delocalization are often associated with an
increased contribution of charge-transfer character. Therefore,
the observed structural relaxation is consistent with a partial CT
contribution in the emitting state, which may be associated with
the large Stokes shifts.>>>2 The luminescence quantum yields of
the dyes range from 4% to 59%. ICz-A exhibits the highest
quantum yield, whereas TPCz-D shows the lowest.

Electrochemical properties

Following the discussion of the optical properties of the
investigated ICz and TPCz derivatives, the next stage focused on
their redox properties. Electrochemical investigations were
performed using cyclic voltammetry (CV) and differential pulse
voltammetry  (DPV) in DCM solution containing
tetrabutylammonium hexafluorophosphate (BusNPFg) as the
supporting electrolyte.

Table 4. Electron affinities (EA), ionization potentials (IP), energy band gaps (Eg), reduction and oxidation potentials (Ered, Eox VS Fc/Fc*) and HOMO/LUMO energy levels.

Ered! Eeglionset Eox! Eoxlonset) EA LUMOs P HOMO* Eg
Dye Method

(vl [V] [V] (vl [eV] [eV] [eV] [eV] [eV]
cv -1.542 -1.28 0.952 0.79 -3.82 -5.89 2.07

ICz-A -3.18 -5.93
DPV -1.47 -1.23 0.88 0.79 -3.87 -5.89 2.02
cv -1.64° -1.55 0.802 0.69 -3.55 -5.79 2.24

ICz-B -3.28 -5.88
DPV -1.69 -1.62 0.80 0.69 -3.48 -5.79 2.31
cv -1.452 -1.17 0.732 0.62 -3.93 -5.72 1.79

TPCz-A -3.13 -5.77
DPV -1.43 -1.25 0.70 0.58 -3.85 -5.68 1.83
cv -1.652 -1.44 0.752 0.49 -3.66 -5.59 1.93

TPCz-B -3.18 -5.70
DPV -1.72 -1.44 0.67 0.44 -3.66 -5.54 1.88
cv -1.632 -1.26 0.832 0.69 -3.84 -5.79 1.95

TPCz-C -3.22 -5.95
DPV -1.58 -1.27 0.86 0.74 -3.84 -5.84 2.00
cv -1.542 -1.28 0.79° 0.56 -3.82 -5.66 1.84

TPCz-D -3.39 -5.94
DPV -1.57 -1.21 0.76 0.65 -3.89 -5.75 1.86

P = (=5.1-Egytlonset)).e-, EA = (=5.1-Ereglionset)).e, Eg= Eoxt(onset)-E 4tlonset) Solvent DCM with concentration

1 x 1073 M and electrolyte BusNPF¢ with concentration 1101 M, Pt as the working electrode. @ Irreversible process. ® Quasi-reversible process. Eox! — the first oxidation
process, Ereq! — the first reduction process, Ereql°"et) — the onset potential of the first reduction process, Eo!(°"s¢t) — the onset potential of the first oxidation process. ©

LUMO and HOMO estimated by theoretical calculations (B3LYP/6-311G(d,p) in DCM).

8| J. Name., 2012, 00, 1-3

The redox data reported used IUPAC convention.

This journal is © The Royal Society of Chemistry 20xx
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Fig. 4. Voltammograms of (a) reduction and (b) oxidation processes obtained by cyclic voltammetry (CV), and (c) reduction and oxidation processes obtained by differential pulse

voltammetry (DPV) (Pt, CH,Cl,, 1-10"* M BusNPFs, scan rate of 100 mV-s?).

A platinum electrode was employed as the working electrode,
and all potentials were referenced to ferrocene/ferrocenium
(Fc/Fc*) redox couple. The onset potentials of the first oxidation
and reduction peaks (vs. Fc/Fc*) were employed to estimate the
IP (ionization potentials) and EA (electron affinities),
respectively. The resulting EA and IP values with energy band
gaps, oxidation and reduction potentials and HOMO/LUMO
energy levels are collected in Table 4 and S9 in SI, while selected
voltammograms are presented in Fig. 4 and S4 in SI.

The first irreversible cathodic peak corresponding to the
reduction process was recorded in the potential range of -1.43
to-1.72 V vs. Fc/Fc* (cf. Fig. 4a). An exception was observed for
ICz-B, which exhibited a quasi-reversible reduction process
(AERE = 90 mV). The reduction occurred most readily for TPCz-A
(Erea! = -1.45 V), ICz-A (Erea® = -1.54 V), and TPCz-D
(Erea'= —-1.54 V), which contain the 2-cyano-3-phenylacrylic acid
substituent (ICz-A, TPCz-A) or 2-cyano-3-(thiophen-2-yl)acrylic
acid (TPCz-D). For ICz-A and TPCz-A, subsequent reduction
processes were observed at Ereq? = —2.11 V and Ereq® = -2.50 V,
respectively (Table S9). In contrast, no further reduction
processes were detected for TPCz-D. However, for TPCz-C, the
second and third reduction processes were recorded at
Ered® =-2.13 V and Erd® = -2.31 V, respectively. Moreover,
TPCz-C, which incorporates a thiophene unit in the TPCz core
and lacks an acetylene linker, exhibited a shift of the first
reduction peak toward more negative potentials
(Ered® = —1.63 V) compared to ICz-A and TPCz-A (cf. Fig. 4c).

The reduction process is associated with the presence of the
acceptor group cyanoacrylic acid group (—CH=—C(CN)COOH).
The first reduction step is most likely related to a one-electron
electrochemical reduction of the strongly electron-withdrawing
nitrile group, leading to the formation of a radical anion or
alternatively the reduction of the conjugated C=C—C=N moiety.
The latter process typically occurs at more negative potentials
and is irreversible, compared to other functional groups such as
carboxylic acids.>® Subsequent reduction peak is likely due to
further reduction of previously generated radical species. The

first reduction peaks for 1Cz-B and TPCz-B bearing the
rhodanine-3-acetic acid substituent (due to the presence of
dihydrothiophene-2(3H)-thione) were the most negatively
shifted (Ereq! = -1.64 to -1.72 V) (cf. Fig. 4b).

The similarity of the Eeq* values for these compounds indicates
a weak influence of the core on the reduction process. Although
only the TPCz-B compound exhibited a second reduction peak.
The irreversible oxidation process is associated with the TPCz
and ICz core with the formation of an unstable radical cation.3®
Oxidation of TPCz occurred more willingly. This behavior can be
attributed to the reduction occurring predominantly on the
rhodanine moiety, facilitated by the presence of sulfur atoms.
However, for TPCz-C the first oxidation peak was recorded at
Eox! = 0.83 V, with no further oxidation processes observed (cf.
Table S9).

The LUMO energy levels are strongly influenced by the nature
of the acceptor substituent, as was mentioned in the DFT
calculations. Compounds bearing the rhodanine-3-acetic acid
unit (ICz-B and TPCz-B) exhibit the most negatively shifted
reduction onset potentials, resulting in relatively raised LUMO
levels (EA = -3.55 eV to -3.66 eV, respectively). In contrast,
compounds lacking the (4-oxo-2-thioxo-1,3-thiazolidin-3-
yl)acetic acid group show lower LUMO levels, reaching values of
up to -3.93 eV for TPCz-A, indicating enhanced electron affinity.
The HOMO energy levels are mainly dependent on the donor
core and vary within a relatively narrow range (IP = -5.54 to
—-5.89 eV). Derivatives based on the TPCz core generally display
slightly higher-lying HOMO levels compared to their ICz
counterparts, which is consistent with the lower oxidation onset
potentials observed for the TPCz series. This is due to the
presence of a thiophene ring in the core, which increases
electron donation ability and destabilises the HOMO level. The
electrochemical energy gaps ranged from 1.79 to 2.31 eV. The
narrowest energy gaps (= 1.8 eV) were obtained for TPCz-A and
TPCz-D, whereas ICz-B exhibits the largest Eg value (up to
2.31 eV), primarily due to rhodanine-induced LUMO.
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Table 5. Photovoltaic parameters of solar cells based on indolo[3,2,1-jk]carbazole and thienopyrrolo[3,2,1-jk]carbazole derivatives under standard illumination conditions.

Photoanode structure Voc Jse FF PCE
[mV] [mA cm?] [%]
Glass/m-TiO,@N719 740 15.43 0.51 5.74
Glass/m-TiO,@ICz-A 554 0.54 0.55 0.16
Glass/m-TiO,@ICz-B 306 0.07 0.46 0.01
Glass/m-TiO,@TPCz-A 599 1.59 0.58 0.54
Glass/m-TiO,@TPCz-B 192 0.02 0.37 0.00
Glass/m-TiO,@TPCz-C 602 4.05 0.54 1.31
Glass/m-TiO,@TPCz-D 566 2.46 0.55 0.77

It can be concluded that, considering the frontier molecular
orbital energy levels of the studied compounds, they appear to
be suitable for application in DSSCs. Their LUMO energy levels
are higher than the conduction band edge of TiO, (4.0 eV), while
their HOMO energy levels are lower than the 17/Is~ redox
potential (4.8 eV)

Photovoltaic performance

The synthesized compounds were employed as light-harvesting dyes
in dye-sensitized solar cells. Based on the UV—-Vis spectra of the
fabricated photoanodes (cf. Fig. 3c), two of them, sensitized with
ICz-B and TPCz-B, exhibited narrower absorption ranges along with
noticeably lower absorbance values, which may result in reduced
photovoltaic performance of the DSSC devices.

In turn, compounds lacking the acetylene bridge (TPCz-C and TPCz-D)
exhibited the broadest absorption range, with TPCz-C showing
relatively higher absorbance. Therefore, it can be expected that
devices sensitized with these dyes may demonstrate comparatively
higher performance, consistent with their more favorable optical
characteristics.

Current density [mA cm‘zl

T T T T T
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Voltage [mV]

T
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r T
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Fig. 5. The current density-voltage curves of solar cells based on investigated dyes
obtained under standard illumination conditions (100 mW cm).

However, at the initial stage of the study, a standard solar cell
architecture (Glass/FTO/m-TiO,@dye/EL-HSE/Pt/FTO/Glass)
incorporating solely the investigated dye molecules as
photosensitizer was fabricated to identify the most promising
pyrrolocarbazole derivative based on the measured
photovoltaic parameters. The PV performance was evaluated
using four key parameters: the open-circuit voltage, the short-
circuit current density, the fill factor (FF), and the power
conversion efficiency (PCE), as determined from the recorded
current—voltage (J-V) characteristic. Table 5 summarizes the
photovoltaic parameters of solar cells based on the investigated
dyes, as extracted from the recorded J-V characteristics (Fig. 5)
measured under standard illumination conditions
(100 MW cm?). The average photovoltaic parameters were
determined from measurements of three identical solar cells
fabricated under identical conditions.

An analysis of the data presented in Table 5 indicates that, in
agreement with the expectations based on the optical
properties of the photoanodes, the application of TPCz-C
proved to be the most advantageous. Among the six
investigated carbazole derivatives, devices sensitized with
TPCz-C exhibited the highest average PCE of 1.31%.

Moreover, the photocurrent densities correlate well with the
absorption characteristics of the corresponding photoanodes.
As anticipated from its broad absorption range and high
absorbance, the photoanode incorporating TPCz-C yielded the
highest average Jisc of 4.05 mA cm2. A lower Js value was
observed for devices based on TPCz-D (2.46 mA cm), whereas
the lowest values were recorded for DSSCs sensitized with
ICz--B and TPCz-B, amounting to 0.07 and 0.02 mA cm?,
respectively. For DSSCs sensitized with 1Cz-B and TPCz-B, the
extremely low Jsc values translated into PCE values close to 0%.
Such a trend could be anticipated from the UV—Vis absorption
characteristics of the dyes immobilized on TiO,. For comparison,
reference solar cells based on the commercial dye N719 were
prepared, yielding an average PCE of 5.74%.
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Table 6. Photovoltaic parameters of selected solar cells based on indolo[3,2,1-jk]carbazole and thienopyrrolo[3,2,1-jk]carbazole derivatives under standard illumination conditions

(10 mW cm?).
Photoanode structure Voc Jsc FF PCE
[mV] [mA cm?] [%]
Glass/m-TiO,@TPCz-C:N719 722 15.83 0.46 5.17
Glass/m-TiO,@TPCz-C:N719:CDCA 726 16.85 0.46 5.59
Glass/BL/m-TiO,@ TPCz-C:N719:CDCA 732 17.40 0.50 6.20
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For selected DSSCs, the photovoltaic parameters were
preliminarily evaluated under reduced light intensities in the
range of 10-80 mW cm™2. Only fully operational devices were
included in the analysis; solar cells sensitized with 1Cz-B and
TPCz-B dyes were excluded. For the remaining series, one
representative device for each carbazole derivative was
selected and subjected to detailed characterization. The
photovoltaic parameters determined from the current—voltage
curves (Fig. 6) registered under reduced illumination intensity
are summarized in Table S10 in SI.

The evaluation of PV parameters at reduced illumination
intensities was performed to assess the potential applicability
of the devices in indoor photovoltaic conditions. For DSSCs
sensitized with TPCz-C or TPCz-D, which showed higher
efficiencies under standard conditions, an increase in
performance was observed as the light intensity was reduced.
In contrast, DSSCs incorporating 1Cz-A and TPCz-A exhibited
decreasing PCE with decreasing light intensity. A notably larger
decrease in Voc was observed for these devices compared to
those based on TPCz-C and TPCz-D. This behavior may be
attributed, at least in part, to a pronounced increase in series
resistance. At 100 mW cm2, the series resistances of 1ICz-A and
TPCz-A devices were 188 and 73 Q, respectively, rising to 3422
and 525 Q at 10 mW cm™2.

—— 100 mW cm”
—— 80 mW cm”

—— 60 mWcm®
_\ —— 40 mW cm”
34 —— 20 mW cm”

—— 10 mWcm®

Current density [mW cm™|
N
1

. =
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Fig. 6. Current density-voltage curves of solar cells contain TPCz-C under reduced

illumination.

By comparison, the series resistances of TPCz-C and TPCz-D
devices changed less dramatically, from 53 and 66 Q at 100 mW
cm2to 169 and 218 Q at 10 mW cm?, respectively. A reduction
in Voc was consistently observed across all examined devices. As
an example, the TPCz-C-based device exhibited a decrease in Vo
from 601 to 534 mV. Moreover, the variation of V. with light
intensity can be primarily attributed to two key processes
occurring within the solar cell, namely charge generation and
charge carrier lifetime.

The increase in Vo at higher illumination levels arises because
the rate of charge generation increases more rapidly with light
intensity than the corresponding decrease in charge lifetime. In
contrast, under reduced illumination, the influence of charge
lifetime becomes more dominant relative to the generation
rate, leading to a decline in Vqc.>*

To gain more insight into illumination effect on charge-transfer
the impedance spectra were registered and analysed under
open-circuit conditions and varied light intensity. Fig. 7 shows a
typical comparison of the impedance spectra at high and low
light intensity.

The analysis of impedance spectra gives the values of double-
layer capacitance (C), charge transfer resistance (Rp) and the
series resistance (Rs).
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Fig. 7. Impedance spectra of the TPCz-A based device: real (on the left) and
imaginary (on the right) dpar*c as functions of frequency for high and low light
intensity (upward and wnward triangle data points), under open-circuit
CﬁndlthnS The red line illustrates fitting to the equivalent circuit model shown in
the inset
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Table 7. Photovoltaic parameters of modified solar cells based on TPCz-C under reduced illumination conditions.

Photoanode structure Light intensity Voc Jse FF PCE
[mW cm?] [mV] [mA cm™?] [%]

Glass/m-TiO,@TPCz-C:N719 100 722 15.83 0.46 5.17
90 711 14.76 0.49 5.69

80 707 13.04 0.51 5.98

70 703 11.47 0.54 6.27

60 698 9.97 0.57 6.56

50 693 8.14 0.59 6.88

40 687 6.84 0.62 7.30

30 679 5.38 0.63 7.73

20 667 3.79 0.67 8.47

10 648 2.39 0.68 10.42

Glass/m-TiO,@TPCz-C:N719:CDCA 100 726 16.85 0.46 5.59
90 717 14.91 0.50 5.93

80 713 13.34 0.53 6.30

70 711 11.70 0.56 6.58

60 706 10.01 0.57 6.72

50 700 8.53 0.60 7.10

40 695 6.92 0.64 7.66

30 683 5.16 0.67 7.92

20 672 3.76 0.69 8.65

10 658 2.26 0.71 10.76

Glass/BL/m-TiO,@TPCz-C:N719:CDCA 100 732 17.40 0.50 6.20
90 739 15.27 0.51 6.34

80 735 13.58 0.53 6.65

70 730 12.00 0.55 6.93

60 726 10.32 0.57 7.32

50 722 8.55 0.62 7.70

40 717 7.11 0.64 8.11

30 710 5.48 0.67 8.71

20 699 3.90 0.72 9.78

10 686 2.37 0.78 12.30

It is important to know that the parameters describe system
response to the alternating voltage signal, and are different of
series resistance calculated from current-voltage curve
mentioned above. All the devices reveal similar double-layer
capacitance of about 24 pF, and Rs of about 17 Q at both high
and low light intensity. This fact confirms that the photoanodes
of all the devices have similar surface area, and the electrode
connections were stable. The Rp resistance is the only
parameter that reveals strong dependence on light intensity. As
compared above, the charge transfer resistance of 1Cz-A and
TPCz-A based devices are 86.7 and 110 Q respectively at 100
mW cm?, and rise about ten times to 851 and 994 Q,
respectively, at 10 mW cm2.

Generally, Jsc scales proportionally with light intensity and
typically follows a near-linear relationship.>®> For the TPCz-C-
based device, Js likewise decreased, from 4.05 to 0.62 mA cm2,

consistent with the anticipated behaviour under reduced
illumination. This behaviour reflects the direct proportionality
between the incident photon flux and the number of
photogenerated charge carriers, resulting in an almost linear
increase in current under standard operating conditions. Since
the device incorporating TPCz-C exhibited the highest efficiency
(1.77% under 10 mW cm?, see Table S10 in SI), this dye was
chosen for subsequent investigations and structural
modifications to enhance the photovoltaic performance.

Since the highest photovoltaic performance was obtained for
DSSCs sensitized with TPCz-C, additional strategies were
implemented to further enhance device efficiency. To explain
the effect of each modification, the approaches were
introduced sequentially. |Initially, co-sensitization with a
TPCz-C:N719 dye mixture was applied,

Please do not adjust margins
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yielding a device with the architecture glass/FTO/m-
TiO,@TPCz-C:N719/EL-HSE/Pt/FTO/glass.

Subsequently, chenodeoxycholic acid (CDCA) was introduced as
a co-adsorbent to suppress dye aggregation on the TiO; surface,
resulting in the configuration glass/FTO/m-TiO.@TPCz-
C:N719:CDCA/EL-HSE/Pt/FTO/glass. In the final step, a compact
TiO; blocking layer (BL) prepared from a TiCls precursor was
incorporated, affording the device structure glass/FTO/BL-
TiO2/m-TiO,@TPCz-C:N719:CDCA/EL-HSE/Pt/FTO/glass. The
current-density curves of tested DSSCs are shown in Fig. 8. and
the photovoltaic parameters are summarized in Table 6.
According to the data presented in Table 6, an enhancement in
device performance was observed compared to the initial
device sensitized solely with TPCz-C (1.33%). The solar cell
featuring the photoanode architecture
glass/m-TiO,@TPCz-C:N719 exhibited an average PCE of 5.17%,
which was slightly lower than that of the reference device based
exclusively on N719 (5.74%). Notably, however, this approach
enabled a substantial reduction in the amount of commercial
dye employed, which may have important implications for
reducing the overall fabrication costs of the solar cells.

The incorporation of CDCA as a co-adsorbent, aimed at
suppressing dye aggregation on the TiO; surface, led to a further
increase in PCE to nearly 5.60%. This improvement was
primarily associated with an increase in Jg, likely resulting from

the suppression of unfavourable charge recombination
processes and, consequently, more efficient electron
generation.

The introduction of a thin TiO, blocking layer, further

suppressing charge recombination, resulted in an additional
improvement in the photovoltaic parameters. In particular,
short-circuit current density increased by
0.55 mA cm?, while FF increased from 0.46 to 0.50. The
enhancement of these parameters led to a PCE of 6.20%.

DSSCs with the modified configuration were further
investigated with respect to their applicability under ten times
lower than the standard value illumination. The light intensity
was decreased stepwise from 100 to 10 mW cm™2 (10 mW cm™
increments) to systematically monitor changes in the J-V curves

This journal is © The Royal Society of Chemistry 20xx
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(Fig. S6 in Sl.) and the resulting PV parameters. The collested
values of Vo, Jse, FF, and PCE are summafized ihlTah[ec7C006898
Based on the data presented in Table 7, the PCE was found to
increase with decreasing light intensity, as anticipated. The
observed trend was consistent with that noted for the standard
device architecture and for cells based on TPCz-C and TPCz-D
(Table S10in Sl). For the modified devices incorporating TPCz-C,
a decrease in Vo of 46—74 mV was observed when comparing
measurements at 100 and 10 mW cm-2. As expected, due to the
lower photon flux reaching the active layer under reduced
illumination, Jsc decreased in all cases by approximately 86%.
Notably, however, FF increased substantially, by as much as
55% (48% for TPCz-C:N719). In contrast to the trends observed
for Voc and Js, the FF exhibited an opposite dependence on light
intensity, increasing as the illumination level decreased. This
behaviour can be attributed to the reduced photocurrent at
lower light intensities, which diminishes voltage losses
associated with series resistance and suppresses electron
recombination, thereby enhancing the fill factor.>® In line with
the FF trend, the power conversion efficiency increased with
decreasing light intensity. Upon reducing the light intensity to
10 mW cm2, the device incorporating the TPCz-C:N719 dye
mixture achieved a PCE of 10.42%. The introduction of CDCA
further improved the efficiency to 10.76%. A subsequent
modification involving the incorporation of a blocking layer
resulted in an additional enhancement of nearly 15%, yielding a
final PCE of 12.30%. Overall, the sequential implementation of
co-sensitization, co-adsorbent incorporation, and blocking layer
deposition proved to be an effective strategy for enhancing
device performance under low-light conditions, highlighting the
potential of the optimised architecture for indoor photovoltaic
applications.

Conclusions

Six novel D—m—A systems were successfully synthesized and
comprehensively investigated. Tripod rigid-skeleton cores (ICz
and TPCz) were employed as electron-donating units, while
strong electron acceptors—cyanoacrylic acid and rhodanine-3-
acetic acid—were introduced through phenyl or thiophene m-
linkers, with or without an additional acetylene spacer. Despite
their structurally simple molecular architectures, the dyes
exhibited broad light absorption, reaching up to 520 nm in
solution and extending to approximately 600 nm upon
adsorption onto TiO,. All compounds displayed orange-red
photoluminescence accompanied by pronounced Stokes shifts.
Quantum-chemical calculations revealed that the HOMO
orbitals are predominantly localized on the donor cores (ICz and
TPCz), whereas the LUMO orbitals are mainly distributed over
the acceptor moieties, confirming the expected intramolecular
charge-transfer character. Incorporation of sulfur into the
conjugated core (TPCz) resulted in modulation of the frontier
orbital energy levels, including a lowering of the HOMO energy.
Although numerous literature reports, largely based on DFT
calculations, have suggested that I|Cz-based systems are
promising candidates for DSSC photosensitizers, the 1Cz-A and
ICz-B dyes investigated herein did not demonstrate satisfactory
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photovoltaic performance under the applied experimental
conditions. DSSC devices with a standard architecture
(glass/FTO/m-TiO,@dye/EL-HSE/Pt/FTO/glass), employing the
synthesized dyes as sole photosensitizers, were fabricated.
However, these devices exhibited relatively low power
conversion efficiencies (PCEs) under standard illumination
(100 mW cm2). The highest PCE achieved in this series was
1.31% for devices sensitized with TPCz-C.

To improve device performance, the cell architecture was
systematically optimised. The photosensitization process was
enhanced through co-sensitization with N719 and the use of
CDCA as a co-adsorbent, combined with the introduction of a
blocking layer. The resulting architecture (glass/FTO/BL-TiO,/m-

TiO,@TPCz-C:N719:CDCA/EL-HSE/Pt/FTO/glass) exhibited a
significantly improved PCE of 6.20% under standard
illumination.

To evaluate the potential of the optimised architecture for low-
intensity photovoltaic application, the J-V curves and PV
parameters were monitored under reduced illumination from
100 to 10 mW cm2. Upon decreasing the light intensity to
10 MW cm?, the highest power conversion efficiency was
12.30% for solar cell containing TPCz-C:N719:CDCA and the
introduced blocking layer. These results demonstrate that TPCz-
based D-1t-A systems, particularly when implemented within an
optimised device architecture, represent promising candidates
for low-intensity photovoltaic applications, with potential
relevance to emerging indoor energy-harvesting technologies.
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