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Abstract: Recently, the research and development in the field of dye-sensitized solar cells has been
actively developed as a potential alternative to silicon-based photovoltaic devices. Modification of
the molecular structure of the dye can enhance the adsorption on the TiO: surface, improve the light
absorption capacity, suppress the charge recombination, increase the electron injection rate, and
thereby improve the overall performance of the solar cell. Carbazole and phenothiazine are rigid
heterocyclic compounds containing nitrogen as a heteroatom with large m-conjugated skeletons.
Phenothiazine differs from carbazole by the presence of sulfur as an additional electron-rich
heteroatom. The inclusion of this heteroatom in the structure of the compounds can indeed improve
the electron-donating properties, affect the conjugation, and thus affect the optical, electronic, and
electrochemical properties of the chromophores as a whole. The difference in planarity when
comparing carbazole with phenothiazine can be useful from several points of view. The planar
structure of carbazole increases the degree of conjugation and the electron transfer capacity, which
can increase the photocurrent of the cell. The non-planar structure of phenothiazine helps to prevent
ni-stacking aggregation. This review comprehensively summarizes the progress in the field of
synthesis of organic dyes for solar cells with an emphasis on the comparative analysis of two electron-
donating moieties, carbazole and phenothiazine. In addition, the review describes in detail the
relationship between the structure of the compounds (dyes), their properties, and the performance
of solar cells.

Keywords: dye-sensitized solar cells; carbazole; phenothiazine; optical properties; electrochemical
properties

1. Introduction

Recently, dye-sensitized solar cells (DSSCs) have been the subject of numerous studies in the
field of creating photoelectronic devices, since they are characterized by a significantly lower cost
compared to traditional solar cells, ease of manufacture, and environmentally friendly production
technology [1]. At the same time, organic dyes are superior to organometallic ones due to their
biodegradability, low cost, ease of production and purification, high molar extinction coefficient, and
the possibility of molecular design [2-6].

Recent studies show that the best DSSCs based on metal-free organic dyes exhibit an energy
conversion efficiency of 15.2% [7].

As is known, the efficiency of solar cells is determined by the molecular structure of the dye,
which is a m-conjugated system with terminal electron-donating and electron-accepting fragments
[8]. Many strategies have been considered in the literature to design highly efficient organic dyes
depending on many factors such as planarity and rigidity of donors and acceptors, bond type,
conjugation length, and side chains [9-13]. Therefore, researchers face a significant challenge in
designing electron donor moieties capable of highly efficient electron transfer and inhibition of

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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molecular aggregation. In light of the previous considerations, phenothiazine (PTZ) and carbazole
(CZ) are considered as effective options for donors (Figure 1) [14-18].

6= 43

6 4
f \ 12NN
N/ o g
8 I No NN NP
H

N
H

<

10
Figure 1. The structural formulas of carbazole and phenothiazine.

The introduction of carbazole and phenothiazine fragments into the structure of organic dyes is
justified by their chemical stability and resistance to environmental influences. Substitution of
hydrogen atoms at the nitrogen atom occurs easily, which makes it possible to improve solubility
and adjust optical and electrical properties by introducing substituents. Carbazole and phenothiazine
can be substituted at the 3rd and 6th or 7th atoms to form 3,6- or 3,7-disubstituted derivatives,
respectively, which is used to bind to other aromatic fragments either directly or through various m-
conjugated bridges. The advantage of carbazole is that new synthetic methods now allow obtaining
compounds in which carbazole fragments are included in the structure of the compound due to the
participation of different carbon atoms and the nitrogen atom of the carbazole cycle: 2C-7C, 1C-8C,
9N-2C, 9N-3C, which changes the optical and electrochemical properties of the resulting compound
over a wide range [19-21]. In addition, the structure of carbazole contains a diphenyl fragment, which
makes the molecule flat and rigid. This structure promotes more efficient intramolecular charge
transfer, which leads to high mobility of charge carriers. Phenothiazine, due to the presence of two
electron-saturated heteroatoms (nitrogen and sulfur), has stronger electron-donor properties
compared to carbazole. In addition, the introduction of this fragment into the structure of the
compound prevents the formation of excimers (dimers in the excited state) that arise as a result of the
interaction of excited and unexcited molecules and lead to a decrease in the fluorescence quantum
yield [22]. This is explained, first of all, by the non-planar structure of the phenothiazine molecule,
which has a butterfly conformation, in which the angle between the two benzene rings is 27.36 (9)
[23]. The difference in planarity when comparing CZ with PTZ can be useful from different points of
view. The planar structure of CZ increases the degree of conjugation and the ability to transfer
electrons, which can increase the photocurrent [24]. The non-planar PTZ block (butterfly-like
skeletons) can prevent n-stacking aggregation [25,26]. Meanwhile, the addition of long alkyl chains
such as 2-ethylhexyl group to the nitrogen atoms in the structures plays a role in creating steric
hindrance and then inhibiting the aggregation of molecules [27].

The introduction of a carbazole or phenothiazine moiety has different effects on the optical,
physical, physicochemical and electrochemical properties of the compounds, which in turn
determines the nature and efficiency of photoelectronic devices. Below is a review demonstrating a
comparative analysis of compounds containing electron-donating carbazole and phenothiazine
moieties in their structure, used as materials for dye-sensitized solar cells.

In order to determine the relationship between the structure of dyes, their properties and the
efficiency of the device, a description of the structure of DSSCs and their operating principle is
presented below.

The cells consist of two electrodes and an iodine-containing electrolyte. One electrode usually
consists of a mesoporous dye-saturated oxide semiconductor (TiO2/ ZnO/ NiO) deposited on a
transparent conductive substrate. The other electrode is a conductive glass plate onto which a
reduction catalyst is deposited —metallic platinum or graphite [28]. The advantages of using TiO: for
the production of solar cells, compared to other materials, are chemical resistance, non-toxicity, and
low cost of the oxide. Its feature is significant photoactivity, as well as a pronounced dependence of
electrical properties on the surface morphology and type of crystal lattice. The band gap for TiO2,
which does not absorb visible light, is 3.2 eV [29]. Figure 2 shows the operating principle of the cell
[30].
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TiO./D + hy — TiO,/D* (1)
TiO./D* — TiOy/D™ + eqy (2)
TiO,/D* + (3/2)I" — TiO./D + (1/2)1; (3)

(/215 +e(py — (3/2)17,15 + 2eqp — 315 (4)
Figure 2. Operating principle of the Graetzel electrochemical cell [30].

Light absorption occurs due to a monolayer of dye (D), chemically adsorbed on the surface of a
semiconductor (e.g. TiO2) (1). After excitation by a light photon, the dye (D*) gives up an electron to
the semiconductor (TiOz) (2), i.e. it passes into the conduction band of TiOz. The transition occurs
very quickly and takes 10-15 s. In the semiconductor, the electron diffuses through the TiO2 film and
reaches the glass electrode. The dye molecule is oxidized with the loss of an electron (D+). The dye
molecule is restored to its original state by receiving an electron from the iodide ion (3), turning it
into an iodine molecule, which in turn diffuses to the opposite electrode, receives an electron from it
and again becomes a triiodide anion (4), which diffuses back to the photocathode, closing the circuit.
According to this principle, a dye-sensitized solar cell converts solar energy into electric current
flowing through an external conductor [30, 31]. To prevent liquid from leaking out during operation
of the device, the cell is made hermetically sealed [31, 32]. An analysis of the literature covering
research in the field of dye-sensitized solar cells [28, 33-35] allows us to formulate a number of basic
requirements for organic dyes, the fulfillment of which is necessary to achieve high efficiency of
DSSCs.

¢ It is believed that the sensitizer for DSSCs should have a high molar absorption coefficient (¢),
which characterizes how strongly a substance absorbs light at a given wavelength.

e To ensure a high electron transfer rate, efficient conjugation of the donor and acceptor groups
is necessary, and it is also important that the LUMO energy of the dye molecule is higher than the
LUMO energy of TiOz. This will allow the HOMO electrons of the dye molecule to move to the LUMO
orbital of the semiconductor (TiOz) rather than the dye when absorbing light quanta. The LUMO
energy level is defined as the difference between the oxidation potential (Eox) and the band gap (Egor),
while it is worth noting that for TiO: this value is -0.5 V vs. NHE [36].

* The photosensitizer (dye) in the oxidized state should be easily reduced by the electrolyte used
(pair I3/T'), i.e. the oxidation potential of the dye should be greater than the oxidation potential of the
electrolyte (Eox (I>/I)) = 0.4 V).

e It is better for the dye to be covalently bound to the semiconductor surface, thus the presence
of “anchor” acid groups in its molecule is necessary;

* One of the factors causing a decrease in the energy conversion efficiency of many organic dyes
in DSSCs is the formation of dye aggregates on the semiconductor surface. This affects light
absorption due to the internal filter effect. Therefore, to obtain optimal solar cell performance, it is
necessary to avoid aggregation of organic dyes by structurally modifying the photosensitizer.

* Another important aspect when using organic dyes is their stability, which is usually lower
than that of metal complexes. This is due to the formation of an excited triplet state and the formation
of unstable radicals. The dye must be resistant to side photochemical and electrochemical processes;
have noticeable thermal stability (withstand about 108 cycles of device operation).

The efficiency of using the approach described above is demonstrated below using examples of
compounds containing carbazole and phenothiazine fragments and which are structural analogues
of each other.

2. D-nt-A Type Organic Dyes

The D-m-A configuration is the most popular structure for organic dyes in DSSCs, which
facilitates charge separation and transfer.
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For example, compounds 1, 2 (Scheme 1) contain alkyl chains in their composition in order to
increase the solubility of the compounds, as well as to prevent dye aggregation.
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Scheme 1. Synthesis of compounds 1, 2.

The electron-withdrawing fragment of cyanoacrylic acid acts as an “anchor” group [37, 38].
Compounds 1, 2 differ from each other in the nature of the electron-donating fragment.

The synthesis of D-A dyes 1, 2 is a sequential implementation of three reactions - N-alkylation,
formylation and the Knoevenagel reaction (Scheme 1).

The photophysical properties of compounds 1, 2 are presented in Table 1.

Table 1. Photophysical properties of compounds 1, 2.

EoPt eVe on, Vi on - EoPt EHOMO/

A, mm AZDS 0 0
(g, M- cm)2 )\l(r,lli‘:():;:n Ve ELymo, eV
1 349 382 2.88 1.44 -1.44  -5.83/-2.95
(214006)
2 452 425 2.37 1.10 -1.27 —/—
(19400)

aAbsorption spectra were recorded for solutions of compounds in DMF (1) or in CH2Cl2 (2); PAbsorption spectra
were obtained for dyes 1, 2 adsorbed on the surface of TiO2; ‘EgoPt = 1240/Aonser?® (eV); 9Eox: oxidation potential
compared to normal hydrogen electrode (NHE), Erc = 0.7 V compared to NHE (Ag/AgNOs is the reference
electrode (RE), platinum wire is the auxiliary electrode (SE), Pt wire (CV) or glassy carbon (CVI) is the working
electrode (WE); background electrolyte is BusNPFs (C = 0.1 M); solvent is DMF (CV), CH2Cl2 (CVI), Vscan = 100
mV/s); *Eox-Eg°Pt: excited state oxidation potential vs NHE; (HOMO = — [4.8 + (Eox— Erc)] eV, LUMO = — [EgoPt —
HOMO] eV.

Compound 2, containing a phenothiazine fragment, absorbs in a longer-wavelength region of
the spectrum compared to the carbazole-containing compound 1, which, in turn, leads to a decrease
in the value of the band gap (1: Egort =2.88 eV, 2: Egort=2.37 eV).

It was found that the wavelength of the absorption maximum for dyes 1, 2 adsorbed on the
titanium dioxide surface undergoes either a bathochromic shift (1: 33 nm) or a hypsochromic shift (2:
27 nm) compared to the absorption peaks for compound solutions, which in turn can lead to the
formation of aggregates on TiO..

Based on the results of electrochemical oxidation of compounds by cyclic voltammetry, it was
proven that such structures have a more positive HOMO level compared to the electrolyte (I3/I). A
quantitative estimate of this parameter is the oxidation potential (1: Eex=1.44V, 2: E_ox=1.10V, I*>
/I Eox=0.4 V). This fact indicates that the oxidized compounds are easily reduced by the redox couple
of the electrolyte (I>/I), which indicates the effective regeneration of dyes.
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To determine the LUMO energy levels, cyclic voltammetry data and absorption spectra data
were used, which allow calculating the excited state oxidation potential (Eox-Egort). The LUMO levels
of compounds 1, 2 show more negative values compared to TiO2 (1: Eox-Egort = -1.44 V, 2: Eox-EgoPt = -
1.27 V, TiOz2: Eox-Egort = -0.5 B), which contributes to the effective electron injection process.

The introduction of a 4-tert-butylphenyl fragment into the dye structure instead of alkyl chains
is also one of the ways to provide steric hindrances in order to suppress intermolecular aggregation.
Such an approach is presented in the article [39]. Dyes 11, 12 contain in their structures 9-(4-fert-
butylphenyl)-9H-carbazole or 10-(4-tert-butylphenyl)-10H-phenothiazine fragments connected via a
thiophene-phenylene spacer to an electron-withdrawing fragment of cyanoacrylic acid (Scheme 2). A
multi-step approach was used to synthesize such compounds, including initial N-arylation of the
corresponding secondary amine (carbazole or phenothiazine) in the presence of copper salts
(Ullmann reaction) or catalyzed by palladium complexes (Buchwald-Hartwig reaction) (Scheme 2).

N
H
Cu, K,CO,,
T IE R Bt Brm

WL RESE? 727
@\ . 1) n-BuLi, (n-Bu),SnCl,
Y - g~ ~Sn"Bug /@ THEF, -78 °C NC
3,4 BREHRE. 56 pacyephy, S D4 ) a- A (L Nore, T /~coou
2% Pd(OAc),, DMF, 90 °C, 24 2 7,8  PdCL(PPh,),, 90 °C, 24 ? 9,10 AcOH,
NaOr-Bu, #iPE#, 80 °C 90°C, 127 11,12

27 B BrO—Q 3,5,7,9, 11: Ar = 4,6,8, 10, 12: Ar =
.
/ *

A @j@ NM gm

Scheme 2. Synthesis of compounds 11, 12.

Further bromination of 9-(4-tert-butylphenyl)-9H-carbazole 3 or 10-(4-tert-butylphenyl)-10H-
phenothiazine 4 afforded products 5, 6; subsequent chain extension was achieved by their initial
reaction with 2-(tributylstannyl)thiophene under Stille reaction conditions to form 2-arylthiophenes
7, 8 (Scheme 2). Afterwards, reaction with BuLi afforded the corresponding lithium derivatives, the
reaction of which with tri(n-butyl)tin chloride afforded the corresponding organotin compounds.
Their cross-coupling with 4-bromobenzaldehyde introduced an additional phenylene spacer into
compounds 7, 8. The final stage was the condensation of carbaldehydes 9, 10 with cyanoacetic acid
in the presence of catalytic amounts of ammonium acetate.

A study of the optical properties of compounds 11, 12 revealed the presence of two absorption
maxima corresponding to electron transitions in the electron-donor fragment (short-wave peak) and
transitions characterizing intramolecular charge transfer (long-wave peak).

It is worth noting that when replacing the 9-(4-fert-butylphenyl)-9H-carbazole fragment in
compound 11 with 10-(4-tert-butylphenyl)-10H-phenothiazine, as in the previous example, a
bathochromic shift of the wavelengths of the absorption maxima of the solutions of the compounds
occurs, and the value of the molar extinction coefficient decreases (Table 2).

Table 2. Photophysical properties of compounds 11, 12.

Eopt eVe on, Vi on - Eopt EHOMO/

abs abs ’ ’

11 428 418 2.46 0.91 -1.55  -5.41/-2.95
(40000)

12 446 408 2.39 0.56 -1.83  -5.06/-2.67

(33900)
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aAbsorption spectra were recorded for THF solutions of the compounds; *YAbsorption spectra were obtained for
11, 12 dyes adsorbed on the TiO: surface; “Eg°P' = 1240/Aonset®®s (€V); 9Eox: oxidation potential compared to normal
hydrogen electrode (NHE), Erc = 0.7 V compared to NHE (Ag/AgNQO:s - RE, platinum wire — SE, glassy carbon —
WE; background electrolyte — BusNPFs (C = 0.1 M); solvent — THF, Vscan = 50 mV/s); *Eox-Eg°P": excited state
oxidation potential vs NHE; (HOMO = - [4.8 + (Eox — Erc)] eV, LUMO = - [EgoPt — HOMO] eV.

It is interesting that the wavelength of the absorption maximum of the Cz-containing compound
11 adsorbed on the titanium dioxide surface is slightly shifted to the short-wave region of the
spectrum (10 nm) compared to the absorption peak for the compound solution. This is explained,
first of all, by the fact that when the carboxyl group is bound to TiO2, its electron-acceptor properties
decrease. In the case of compounds 12, containing a phenothiazine fragment in their structure, this
difference reaches 38 nm, which can lead to dye aggregation. In order to determine the efficiency of
the solar cell, the HOMO and LUMO energies of the dyes 11, 12 were calculated. The results are
presented in Table 2. The compounds demonstrate a sufficiently high LUMO level compared to TiO:z
and a sufficiently low HOMO level compared to the ion pair of the electrolyte (I3/I'), i.e. Such
structures provide efficient dye regeneration, as well as an efficient electron injection process during
the conversion of solar energy into electrical energy. Due to the fact that the compound 11, containing
a 9-(4-tert-butylphenyl)-9H-carbazole fragment in its structure, has the lowest HOMO level, a device
made on its basis, according to the authors of the article [39], will demonstrate the most efficient
charge regeneration. The light conversion efficiency of solar cells created on the basis of dyes 11, 12
was 6.70% and 6.32%, respectively.

It was found that the use of condensed heterocyclic systems as a m-spacer has a number of
advantages over their linearly linked analogs, namely, such structures enhance light absorption and
also lead to the suppression of charge recombination [40]. This explains the interest in the synthesis
of dyes 16, 17, containing 4,4-didodecyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophene as a spacer (Scheme
3). The starting carbaldehyde 13 was obtained from 4H-cyclopenta[2,1-b:3,4-b’]dithiophene by
sequentially carrying out alkylation, formylation, and bromination reactions.

14, 16: Ar = 15,17: Ar =
CiaHys CiaHas Ari CyoHps CioHas CioHas _CioHas * S .
5 m Oy
[ﬁsj\‘( Pd(PPh,),, K,CO,, Ar L i )N J\I
THF, H,0, U, H;C
13 80°C,7? 14,15 W R 77 16,17 H;C 3

Scheme 3. Synthesis of compounds 16, 17.

To introduce carbazole or phenothiazine fragments into the structure of the target product, the
Suzuki reaction was used, the products of which (14, 15) upon interaction with cyanoacetic acid led
to the production of dyes 16, 17. Table 3 presents the results of studies of the optical and
electrochemical properties of compounds 16, 17. The presence of a condensed heteroaromatic system
in the structure of compounds 16, 17 led to the leveling of the electron-donor properties of carbazole
and phenothiazine, since both dyes exhibit absorption at the same wavelength, while, as in the case
of compounds 1, 2, 11, 12, compound 16, containing a carbazole fragment, has the highest value of
the molar extinction coefficient.

Table 3. Photophysical properties of compounds 16, 17.

A2bs  nm EJ}', eVe E,,, V¢ Eop — EJ, Ve
(e, M1 cm1)a
16 532 (57500) 2.11 1.15 -0.96

17 532 (46500) 2.20 0.97 -1.23
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aAbsorption spectra were recorded for solutions of compounds in DCM; PEgoPt= 1240/Aonset??s (€V); Eox: oxidation
potential vs. normal hydrogen electrode (NHE), Erc=0.7 V vs. NHE (Ag/AgNOs - RE, Pt wire - SE, glassy carbon
— WE; background electrolyte — BusNPFs (C = 0.1 M); solvent — DCM, Vscan = 50 mV/s); 9Eox-Eg°Pt: excited state
oxidation potential vs. NHE.

Experimentally calculated values of HOMO and LUMO energies prove the efficiency of using
such dyes in DSSCs (16: 11 =7.5%, 17: 1=7.0%).

Previously described were Cz- and FTZ-containing dyes 11, 12, 16, 17 in the structure of which
electron-donating heterocyclic fragments linearly linked to each other or condensed with each other
are used as m-spacers.

3. D-A-nt-A-Type Organic Dyes

In D-A-m-A-type compounds, an additional electron-withdrawing fragment allows for a
significant facilitation of charge transfer from the donor to the acceptor located on the periphery of
the molecule, and also helps to tune the absorption region and HOMO and LUMO levels. In addition,
compounds of this type have high photostability [41]. Scheme 4 shows the synthesis of compounds
18, 19, the carbazole or phenothiazine fragments of which are linked to a cyanoacrylic acid fragment
via an additional benzothiadiazole bridge [42, 43]. It is worth noting that such structures can be
obtained by two different methods. The first method involves carrying out 4 reactions — the Stille
reaction, formylation, Suzuki reaction, and Knoevenagel reaction (Method A). The second method
reduces the number of steps to three and involves a sequence of two Suzuki reactions, the final
product of which, when reacted with cyanoacetic acid in chloroform with a catalytic amount of
piperidine, leads to the formation of compounds 18, 19 (Method B).

1k 2 A BrQBr s
S, S,
Hi3Co o NN . NN
m\ NgN o cey — pocl, DMF CeHis -/
SnBu, ————— B Br ——————> B Br
S ? s L2, s

OHC
Pd(PPh,),Cl,, 85°C. 247 OH
: ‘fs‘ : B,
N
C

THF
Pd(PPh,),, DMF, CH.
K,CO,, TBAB
& %2 B Br CH

oy s, 2
\\N OHC

3
3

HO Br Br s s 0 N
B~ I .
O NI N N-S AWt s~ HO R
s pp—
N Pd(PPh,),, K,CO;, N Pd(PPh,),, K,CO,, K CHO i 2 —( S ]
CH THF, H,0 s” CHCI,, N N .
cn THF, H,0, 3 ,H,0, e S NS00t
: 70°C, 72 80°C, 72 .67
18: R=CH,;, Ar= 19: R=H, Ar= .
CH;

CH;

osed

Scheme 4. Synthesis of compounds 18, 19.

To clarify the question of how the introduction of an electron-withdrawing fragment as a m-
spacer into the structure of dyes affects their photophysical properties, it is interesting to compare
the properties of compound 18 with the characteristics of its analogue, compound 20 [41] (Figure 3).
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The replacement of the thiophene ring in compound 20 with a benzothiadiazole ring (compound
18) leads to a slight shift in the wavelength of the absorption maximum to the long-wave region of
the spectrum (18: Amax?®* = 507 nm, 20: Amaxs = 494 nm), which allows expanding the spectral range of
absorption. It is worth noting that the HOMO and LUMO energy values do not undergo significant
changes (Table 4), but the experimentally obtained values of the light conversion efficiency differ by
almost two times (18: 11 =5.00%, 20: 1 =2.60%).

Table 4. Photophysical properties of compounds 18-20.

Agbs,, nm Aggb;x, nm E.Zpt' eve Eoy, V4 Ereq, B®
(g, M1 cm)? (TiO2)b
18 420 (18900), 450 2.27 0.98 -1.29
507 (22100)
CHCI3
19 484 (26206) THF 505 2.20 0.44,0.69 -1.26,-1.80
20 494 (26200) 498 2.24 0.96 -1.28
CHCIs

2Absorption spectra were recorded for solutions of compounds in CHCls (19, 20) or THF (19); *Absorption spectra
were obtained for dyes 18-20 adsorbed on the TiO: surface; “EgPt = 1240/Aonser®® (eV); 9Eox: oxidation potential
compared to normal hydrogen electrode (NHE), Erc = 0.65 V compared to NHE (calomel electrode — RE, glassy
carbon (18, 20) or platinum wire (19) - WE, Pt wire — SE; background electrolyte — BusNPFs (C = 0.1 M); solvent
— CHCIs (18, 20) or THF (19), Vscan =100 mV/s); °Erea: 18, 20: Eox-Eg°Pt: excited state oxidation potential vs NHE; 19:
oxidation potential vs normal hydrogen electrode (NHE).

Recently, dyes 21, 22 have been synthesized containing carbazole or phenothiazine as an
electron-donor fragment, as well as benzothiadiazole as an auxiliary acceptor, benzene as a mt-bridge,
and cyanoacrylic acid as an anchor group [44] (Scheme 5).
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Scheme 5. Synthesis of compounds 21, 22.

The synthesis of these dyes is shown in Scheme 5 and included the initial preparation of 4,7-
dibromobenzothiadiazole. The Buchwald-Hartwig reaction was used to introduce the phenothiazine
fragment into the structure, and the Ullmann coupling reaction was used for the carbazole fragment.
Further implementation of the palladium-catalyzed cross-coupling reaction of the obtained halides
with 4-formylphenylboronic acid allowed us to obtain structures containing terminal aldehyde
groups. The final stage of the synthesis of dyes 21, 22 was the Knoevenagel reaction. The study of
optical and electrochemical properties is presented in Table 5.

Table 5. Photophysical properties of compounds 21, 22.

A, nm  2%s nm o EgeVe Eaw Ve EumoeVe
(g, M1 cm)2 (TiO2)
21 338 (31900), 478 2.49 1.10 -5.41/-1.39
434 (9600)
22 362 (27200) 481 2.19 1.03 -5.06/-1.16
467 (1300)

aAbsorption spectra were recorded for solutions of the compounds; PAbsorption spectra were obtained for dyes
adsorbed on the TiO: surface; °Eg°Pt = 1240/Aonset® (eV); 9Eox: oxidation potential compared to normal hydrogen
electrode (NHE), Erc = 0.7 V compared to NHE (Ag/AgNOs — RE, platinum wire — SE, glassy carbon — WE;
background electrolyte — BusNPFs (C = 0.1 M); solvent — THF, Vscan =50 mV/s); cLUMO = - [EgoPt - HOMO] eV.

The synthesized dyes are characterized by a bathochromic shift of the absorption wavelength
maxima in comparison with the compounds that do not contain a benzothiadiazole fragment [45]. It
is worth noting that compound 22, containing a phenothiazine fragment, has a longer-wavelength
absorption region in comparison with the carbazole-containing compound 21, but 22 is characterized
by a lower value of the molar absorption coefficient. The HOMO level values for dyes 21 (1.10 V) and
22 (1.04 V) are higher than such a value for the electrolyte (0.4 V for the redox pair I7/I*-), which
ensures dye regeneration. At the same time, the HOMO level for the dye containing a phenothiazine
fragment is less positive than that of the carbazole-containing dye, which is explained by the stronger
electron-donor ability of the phenothiazine unit. On the other hand, the LUMO level values for dyes
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1 (-1.39 V) and 22 (-1.16 V) are more negative than the conduction band of TiOz (- 0.5 V versus

NHE), which ensures efficient electron injection into TiOx.

The authors of the article tested the synthesized dyes in a DSSC. It was found that a cell based
on a carbazole-containing dye is characterized by a higher value of energy conversion efficiency.

The series of compounds 23, 24 contains dithieno[3’,2":3,4;2»,3»:5,6]benzo[1,2-c]furazan as a m-
spacer [46]. The advantage of introducing such an electron-withdrawing fragment is its rigid planar
structure, which leads to efficient intramolecular charge transfer from the donor to the acceptor, and
also allows reducing the reorganization energy of the dye molecule during photoexcitation. The
synthetic approach to obtaining the compounds is presented in Scheme 6. It uses a combination of
the Stille reaction, formylation, bromination and, in the final stage, condensation.

Ar-Sn"Bu,,

Sn Bu;
NBS, AcOH,
POCL,, -y Ccl PACI(PPh,),,
_ DMF_ v
“PdCL PPy, (PPh )as 5 60°C,3? I i, 102 xo ¢, 107
Br.

80 ( I(] ?

-Sn'" 0. 0 CN 0. 23: Ar= 1 Ar=
Ar-Sn"Buy, N\ /N A O r 24: Ar )
PdCL(PPh,),, > \

DMF HO S . O O

S L ! S CH,COONH,, CH,COOH > | N COOH ©I D/ !
80°C. 107 Ar—(C] s STy y—cHo ) Ar \5 s s ls / J" Jf
o /
R R 120°C,20? ) R HsC HyC

23,24

Scheme 6. Synthesis of compounds 23, 24.

As in the case of dyes 16, 17 containing a fused heterocyclic spacer, compounds 23, 24
demonstrate absorption in the same region, but their distinctive feature is the molar extinction
coefficient, which reaches a higher value in the case of compounds of the D-A-mt-A type (23, 24) in
the presence of a phenothiazine fragment in the structure (Table 6). The results of electrochemical
oxidation of dyes 23, 24 confirm the pattern characteristic of compounds 1, 2, 11, 12, 16-19, namely,
structures containing a carbazole fragment have a higher oxidation potential value and a deeper
HOMO and LUMO level than FTZ-containing compounds, which is directly related to the light
conversion efficiency (23: 1 =1.42%, 24: = 5.98%).

Table 6. Photophysical properties of compounds 23, 24.

EF',eVe  E, V4 E,—EY,  Epomol

Jabs ,nm abs g
(¢, TKZX cm-)a ATrlfllx(;:;bm Ve Eiymo, eV*
23 390 504 2.35 0.99 -1.36  -5.39/-3.05
(26100),
464
(31400)
24 366 476 2.34 1.27 -1.07  -5.67/-3.33
(14400),
462
(17000)

aAbsorption and emission spectra were recorded for THF solutions of the compounds; *Absorption spectra were
obtained for dyes adsorbed on the TiO: surface; °Eg°Pt = 1240/Aonset®s (eV); 9Eox: oxidation potential compared to
normal hydrogen electrode (NHE), Erc=0.7 V compared to NHE (Ag/AgNO:s - RE, platinum wire — SE, Pt - WE;
background electrolyte — BusNPFs (C = 0.1 M); solvent — THF, Vscan = 100 mV/s); °Eox-EgPt: excited state oxidation
potential vs NHE; FHOMO = - [5.1 + (E12— Exc)], LUMO = - [Egert —- HOMO.
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Recently, D-D-mt-A-mt-A quinoxaline dyes 25, 26 have been synthesized, differing from each other
in the type of electron-donor fragment (Figure 4) [47].

HsC 25 H;C

Figure 4. Structural formula of compound 25, 26.

Quinoxaline is a coplanar and rigid ring with strong electron-withdrawing ability due to two
symmetric unsaturated nitrogen atoms in the pyrazine ring. In addition, the presence of the imine
moiety increases the m-conjugation in the dye structure.

It has been shown that the introduction of 2,3-diphenylquinoxaline into the dye structure
reduces charge recombination by inhibiting intermolecular aggregation due to two separate phenyl
rings attached to the quinoxaline block [48].

The multi-step synthesis of dyes 25, 26 is shown in Scheme 7.

SOCl,, Pyridine, Br
Toluene Brz 47% HBr N NaBH,, THF/EtOH
rcﬂux reﬂux 0 ﬁ rt Toluene/AcOH,
reflux
Br

\ Sn(n- B“)z Pd(PPh,),Cl,, Toluene
110 %, N,

DMF POCI;, DCE
reﬂux

l NBS, THF, rt

Toluene/EtOH/H,0
HsC
Pd(PPh;),, K,CO,, 80 %, Ar

N

v O Q
HsC
H3C” MeCN/CHCI, MeCN/CHC,
Ne L NC—
Pipiridine, 90 %, Ar COOH Pipiridine, 90 ##, Ar COOH
25
26

Scheme 7. Synthesis of compounds 25, 26.

The results of the study of the optical and electrochemical properties of the dyes are presented
in Table 7
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Table 7. Photophysical properties of compounds 25, 26.
22ks  nm EJ}', eVp E,,, V¢ Eqomo!
(s, M1 cm)a Eymo, eV*
25 511 (23434) 2.21 0.73 -5.07/-2.86
26 526 (23214) 2.09 0.79 -5.13/-3.04

aAbsorption and emission spectra were recorded for THF solutions of the compounds; PEgoPt = 1240/Aonset??s (eV);
‘Eox: oxidation potential compared to normal hydrogen electrode (NHE), Erc = 0.46 V compared to NHE
(Ag/AgNO:s - RE, platinum wire — SE, Pt — WE; background electrolyte — BusNPFs (C = 0.2 M); solvent — THE,
Vscan = 100 mV/s); dHOMO = — [- (Eox— Erc)+4.80], LUMO = HOMO+ Egopt

The absorption spectra of the dyes demonstrate absorption bands in the region of 240-440 nm,
which correspond to the m-mt*-electron transition due to the presence of aromatic fragments in the
structure. Also in the low-energy region, peaks are observed at 440-660 nm, characterizing the
intramolecular charge transfer between donor and acceptor fragments. The dyes are characterized by
high values of the molar extinction coefficient (Table 7). It is important that these values are greater
than those of standard ruthenium dyes N719 and N3 (14000 and 13900 M- cm~, respectively). This
fact proves that the presented dyes collect light significantly better than typical organometallic dyes.

For the presented type of structures, the dye 26, including a carbazole fragment, demonstrated
a bathochromic shift of the absorption band, characterizing the intramolecular charge transfer, in
comparison with the phenothiazine-containing dye. The authors believe that this is due to the
increased planarity of the carbazole fragment compared to the phenothiazine, which has a non-planar
butterfly shape. Parallel alignment of two benzene rings in the carbazole fragment provides smooth
conjugation and, therefore, higher absorption.

The study of the electrochemical properties of the synthesized dyes showed that they are
characterized by lower HOMO energies compared to the redox electrolyte (I/I>) (Table 7). This fact
indicates that oxidative regeneration of the dye is possible through I- in the DSSC electrolyte. On the
other hand, the calculated LUMO values for the dyes are higher than that for TiO;, indicating possible
electron injection from excited dyes into TiOz. As a result, all the dyes have sufficient fundamentality
for their use as sensitizers in DSSCs.

4. Organic Dyes with a Star-Shaped Structure

Several approaches to dye design that prevent intermolecular aggregation of dye molecules
during solar cell operation have been previously presented, namely the introduction of long alkyl
chains or a 4-tert-butylphenyl fragment, as well as the use of a fused heteroaromatic system as a m-
spacer. Dyes with a star-shaped structure are also of interest from the point of view of charge
recombination suppression. For example, compounds 27, 28 contain a central triphenylamine core,
on the periphery of which there are carbazole or phenothiazine fragments, as well as a cyanoacrylic
acid fragment [49]. The Ullmann reaction was used to synthesize such structures, the starting
compound for which was 4-[bis(4-iodophenyl)amino]benzaldehyde, obtained in two stages from
triphenylamine (Scheme 8).

COOH

(
©\ /@ HO 1 xio,, e CHO o CN Ar
N POCI,, DMF CH,Co0n_ Cu, K,CO,, 18- 1«»\1’5] 6 @\
. N
L2-BE T [,
Wy e 129 @ 80°C.47 e 4

CH3CN,
Y EE? 107

I Ar Ar
27,28

27: Ar= 28: Ar =

e

Scheme 8. Synthesis of compounds 27, 28.
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Table 8 presents the results of the study of the optical properties of dyes 27, 28.
Table 8. Photophysical properties of compounds 27, 28.
A, nm A% nm Ea Ve EeoVO En—ES Ve
(e, M1 cm1)a (TiO2)b
27 424 (13834) 424 2.55 0.45 -2.10
28 422 (29367) 416 2.63 0.64 -1.99

aAbsorption spectra were recorded for solutions of compounds in acetonitrile; PAbsorption spectra were
recorded for dyes adsorbed on the TiO: surface; Eg°Pt = 1240/Aonset?® (e V), where Aonset®™ was determined from the
absorption spectra of dyes adsorbed on the TiOzsurface; 4Eox: oxidation potential compared to normal hydrogen
electrode (NHE), Ekc = 0.7 V compared to NHE (Ag/AgNO:s — RE, Pt wire - WE, SE; background electrolyte — n-
BuwiNPFs (C = 0.1 M); solvent — DMF, Vscan = 100 mV/s); *Eox-Eg°Pt: excited state oxidation potential vs NHE.

Both compounds have one intense absorption band in the visible region of the spectrum.
Moreover, for the phenothiazine-containing compound 28, as in the case of compound 23, a higher
value of the molar absorption coefficient is characteristic. The absorption spectra for solutions of
compounds 27, 28 in acetonitrile and the absorption spectra of compounds 27, 28 adsorbed on the
surface of TiO2 do not show a significant shift in the absorption wavelength, which indicates the
prevention of aggregation of dyes on the titanium dioxide film (Table 8).

The experimentally obtained values of HOMO energies of compounds 27, 28 (Table 8) prove
that the oxidized dyes formed as a result of the corresponding injection of electrons into the
conduction band of TiO2 will accept electrons from the electrolyte (I*/I'), which will lead to their
reduction. At the same time, a more negative value of the LUMO energy of the dyes (Table 8)
compared to the LUMO energy of TiO2 (-0.5 V vs NHE) indicates that the process of electron injection
from the dye molecule in the excited state into the conduction band of titanium dioxide is
energetically allowed. It was found that the dyes 27, 28 do not exhibit significant differences in
photophysical properties. However, the FTZ-containing compound 28 is characterized by a higher
value of light conversion efficiency (27: 1 =3.26%, 28: 1) =4.54%), which is most likely due to its higher
absorption capacity.

Along with triphenylamine, the introduction of which into the structure of the molecule allows
to expand the absorption region and reduce the tendency to aggregation on the TiO: surface,
triphenylethylene is of interest. For example, compounds 39-42 have a star-shaped structure, the
central core of which is triphenylethylene, connected to terminal carbazole or phenothiazine
fragments, as well as to the electron-withdrawing fragment of cyanoacrylic acid through electron-
donating N-substituted carbazole or phenothiazine bridges (Scheme 9) [50]. The starting compound
for the synthesis of such structures was bis(4-fluorophenyl)ketone, the products of whose interaction
with carbazole or phenothiazine then entered into the Wadsworth-Emmons reaction, which led to
the formation of the central triphenylethylene core (31, 32) (Scheme 9). The presence of the bromine
atom in compounds 31, 32 made it possible to obtain the corresponding boric acids 33, 34 from them,
from which carbaldehydes 35-38 were then synthesized under Suzuki reaction conditions. The final
stage was the Knoevenagel reaction, which led to the target dyes 39-42.
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Scheme 9. Synthesis of compounds 39-42.

The spectra of dyes 39, 41 have several absorption peaks in the ultraviolet region (39: Amaxbs =
238, 293, 341 nm, 41: Amax?bs =238, 293, 329, 341 nm), as well as one peak in the visible light region (39:
Amax®s = 412 nm, 41: Ama@®s = 462 nm), and the long-wave absorption maximum of compound 41 is
shifted to the red region of the spectrum (50 nm) (Table 9). The absorption spectra of the dyes 40, 42,
containing phenothiazine fragments at the periphery of the molecule, in dichloromethane contain
three absorption peaks (40: Amax?bs = 258, 326, 466 nm, 42: Amax?bs = 258, 335, 412 nm). It is also worth
noting that for compound 40, a bathochromic shift of the absorption maximum wavelength is
observed compared to compound 42, which is associated with the presence in its structure of a
stronger electron-donating phenothiazine fragment, which is part of the nt-spacer.

Table 9. Photophysical properties of compounds 39-42.

)';lr?asxl nm Ezpt, eVve onr Ve Eax - Ezpt, \& EHOMO/
(8, M"1 Cm'l)“‘ ELUMOI eVe
39 238 (57000), 2.45 0.75 -1.7 -5.02/-2.57

293 (32000),
341 (30000),
412 (16000)
40 258 (88000),  1.89 0.74 115 -5.01/-3.12
326 (45000),
466 (14000)
41 238 (84000),  1.92 0.76 1.16  -5.03/-3.10
293 (48000),
329 (41000),
341 (40000),
462 (13000)
42 258 (72000),  2.42 0.72 1.7 -4.99/-2.57
335 (37000),
412 (21000)

aAbsorption and emission spectra were recorded for solutions of the compounds in DCM; *Absorption spectra

were obtained for dyes adsorbed on the TiO2 surface; ‘Eg°Pt = 1240/Aonset?s (eV); 9Eox: 0xidation potential vs. normal
hydrogen electrode (NHE), (Ag/AgCl - RE, platinum wire — SE, glassy carbon — WE; background electrolyte —
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BuwiNPFs (C = 0.1 M); solvent — DCM, Vsan = 100 mV/s); °Eox — EgoPt: excited state oxidation potential vs. NHE;
fHOMO = - [4.8 + Eox] €V, LUMO = - [Egot — HOMO] eV.

In the absorption spectra of dyes adsorbed on the surface of titanium dioxide, the absorption
peaks are significantly shifted to the red region of the spectrum compared to the absorption
wavelengths for solutions of compounds. The dyes 39-42 have a fairly deep HOMO level, about -5.0
eV, compared to the I*/I ion pair (Exomo = -4.60 eV) [51], which indicates effective regeneration of the
dye. It was found that FTZ-containing compounds 40, 41 have a more negative value of the LUMO
level, which may indicate their higher efficiency in terms of using dyes in solar cells, as evidenced by
the experimentally obtained values of light conversion efficiency (39: 1) =2.14%, 40: n = 6.55%, 41: n =
5.51%, 42: 1 =2.69%).

5. Organic Dyes of the A-D-A Type

The use of D-n-A configuration in organic dyes has some disadvantages, namely, the short
length of m-conjugation contributes to a narrow absorption band. Although an increase in the length
of m-conjugation will expand the absorption region, this structure is not very stable when irradiated
with high-energy photons. In addition, such a structure can cause aggregation and charge
recombination, which will lead to a decrease in photoelectric characteristics.

Therefore, new configurations of organic dyes are currently being developed, such as A-D-A-
type structures. Recently, Murali et al. synthesized two organic sensitizers with the A-D-A-D-A
configuration, in which the donor is carbazole or phenothiazine, the auxiliary acceptor is
benzothiadiazole, and the terminal group is cyanoacrylic acid (Figure 5) [52].

HOOC COOH
N 43: X=None NC
H H
44: X=S
X X
|\
\s 7

Figure 5. Structural formula of compound 43, 44.

The presence of two terminal electron-acceptor fragments in the dye structure facilitates efficient
electron injection.

The synthesis of the dyes consisted of the following reactions: N-alkylation, Miyaura borylation
reaction, Suzuki cross-coupling reaction, Vilsmeier-Haack reaction, and Knoevenagel reaction
(Scheme 10).
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Scheme 10. Synthesis of compounds 43, 44.

The study of optical and electrochemical properties of organic dyes 43, 44 is presented in Table
10.

Table 10. Photophysical properties of compounds 43, 44.

Agﬁfx, nm A-]aﬁl')dgxg nm E.Zpt’ ch EOX’ Vd on *1 Ve
(& MTem™)*  (gigy
43 440 (29400) 456 2.36 0.91 -1.45
44 471 (27800) 482 2.18 0.62 -1.56

aAbsorption and emission spectra were recorded for DMF solutions of the compounds; PAbsorption spectra were
obtained for dyes adsorbed on the TiO: surface; ‘Eg°Pt = 1240/Aonset® (eV); 9Eox potentials corresponding to the
ground state oxidation potential and converted to NHE by the addition of 0.16 V, © Eox* was calculated by the
formula: Eox* = Eox - E;pt.

Both organic dyes exhibit two main absorption bands in the range of 340-410 nm and 420-540
nm. It is known that a wider absorption range contributes to better DSSC performance, since it allows
collecting more photons.

The observed red shift in the absorption maxima of the dye 44 compared to the dye 43 may be
due to the stronger electron-donating ability of the phenothiazine unit.

It is worth noting that for both organic dyes, the molar extinction coefficient values for the
absorption maxima in the range of 420-540 nm, which characterize intramolecular charge transfer,
are higher than those of the ruthenium dye N719 [53]. It has been proven that high molar absorption
coefficients of organic dyes allow obtaining a thinner nanocrystalline film on their basis, which leads
to better device performance. In addition, it also promotes the diffusion of electrolyte in the film and
reduces the possibility of recombination of light-induced charges during transport [54, 55].

In the absorption spectra of the dyes adsorbed on the transparent TiO: thin film (2.5 mm), the
absorption maxima of 43 and 44 showed a red shift of about 18 and 12 nm, respectively, compared to
their dissolved state. The observed red shift of the absorption maxima and broadening of the
absorption spectra for both dyes are possibly due to the formation of J-aggregates on the thin films.

To evaluate the possibility of electron transfer from the excited organic dye molecule to the
conduction band of TiOz and from the redox couple in the electrolyte to the oxidized dye molecule,
cyclic voltammetry measurements were performed for both dyes. The results are presented in Table
10.

It was found that for organic dyes 43, 44, the ground state oxidation potential (Eox) was observed
at 0.91 and 0.62 V, respectively, which is significantly higher than the iodide/triiodide oxidation-
reduction potential (0.4 V). In addition, it is worth noting that the phenothiazine moiety has a
significant effect on the oxidation potential of the dye, which leads to a lower Eox value for 44
compared to 43. The calculated excited state oxidation potentials for the dyes are more negative (43:
E'ox =1.45V, 44: E'ox = 1.56 V) than the conduction band edge energy level of TiOz (0.5 V). This fact
indicates that the electron from the excited dye molecules can be effectively injected into the
conduction band of TiO2. In general, the energy levels of the dyes 43, 44 are in good agreement with
the requirements for efficient electron transfer in DSSC.

It is worth noting that rhodanine-3-acetic acid can be used as an “anchor” electron-withdrawing
group in dyes instead of cyanoacrylic acid. For example, compounds 45, 46 (Scheme 11), which are
A-D-A-type structures, contain terminal rhodanine-3-acetic acid fragments linked to an N-
ethylcarbazole or N-ethylphenathiazine fragment via a methylene bridge [56].
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Scheme 11. Synthesis of compounds 45, 46.

An alternative approach to the Vilsmeier-Haack reaction was used to synthesize such structures,
in which the starting dicarbaldehydes were obtained in two stages. Initially, the reaction product of
imidazole with trifluoroacetic anhydride interacted with N-substituted carbazole or phenothiazine
to form intermediate compounds containing trifluoroacetyl groups, the further hydrolysis of which
led to the production of dicarbaldehydes. The final stage of the synthesis of compounds 45, 46 was
the Knoevenagel reaction.

A comparative analysis of the photophysical characteristics of compounds 45, 46 is presented in
Table 11. As expected, the presence of a phenothiazine fragment in the structure of compound 46
shifts the absorption band to the long-wavelength region of the spectrum compared to the Cz-
containing compound 45, which, in turn, leads to a decrease in the value of the band gap (45: Egort =
2.56 eV, 46: Egort=2.18 eV).

Table 11. Photophysical properties of compounds 45, 46.

opt 4 — popt
Agndsxr nm Aa maxs 1M E-q ,eVve Eor, V Eox Eg ’ Enomo/

(e, M cm1)a (O Ve Ejymo, eVt
45 295, 355, 442 2.56 0.64 -1.92  -5.15/-2.59
403,
450
(26360)
46 298, 357, 488 2.18 0.55 -1.63  -5.06/-2.88
489
(25480)

aAbsorption and emission spectra were recorded for solutions of compounds in DMF; PAbsorption spectra were

recorded for dyes adsorbed on the surface of TiOz; ‘EgoPt = 1240/Aonset®®s (€V); Eox: oxidation potential vs. normal
hydrogen electrode (NHE), (Ag/AgCl — RE, platinum wire — SE, glassy carbon — WE; background electrolyte —
BuwNPFs (C = 0.1 M); solvent — DMF, Vscan = 100 mV/s); *Eox-Eg°Pt: excited state oxidation potential vs. NHE;
fHOMO = - [4.8 + Eox] €V, LUMO = - [Egot — HOMO] eV.

Compound 45 is characterized by a more positive HOMO level, which indicates effective dye
regeneration, but compound 46 has an effective electron injection process due to a deeper LUMO
level. A study of the volt-ampere characteristics of solar cells found that the FTZ-containing
compound 46 has the highest light conversion efficiency (45: 1) =2.81%, 46: 1 =4.91%).

6. Conclusions

Carbazole and phenothiazine are important structural fragments in the creation of materials for
dye-sensitized solar cells. This is explained, first of all, by the fact that compounds containing Cz- or
FTZ-fragments have high thermal and morphological stability. In addition, conjugated systems
containing electron-donating carbazole and phenothiazine fragments in combination with the
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electron-accepting fragment of cyanoacrylic acid have a sufficiently deep HOMO level compared to
the I3/I ion pair and are also characterized by a more negative LUMO energy value compared to
TiOz. The first fact proves that the oxidized dyes formed as a result of the corresponding electron
injection into the conduction band of TiO: will accept electrons from the electrolyte (I>/I-), which will
lead to their reduction. The second fact indicates that the process of electron injection from the dye
molecule in an excited state into the conduction band of titanium dioxide is energetically allowed. As
a result, the use of such structures as materials for dye-sensitized solar cells will allow obtaining
devices with high light conversion efficiency.
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