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ABSTRACT: Five new unsymmetric thiophene imines end-capped with an electron-donating amine (—NH,) group were obtained
using a simple synthetic route, that is, the melt condensation of 2,5-diamino-thiophene-3,4-dicarboxylic acid diethyl ester with
commercially available aldehydes. Their thermal stability and electrochemical and photophysical (absorption (UV—vis) and
photoluminescence (PL)) properties were examined and density functional theory calculations were performed. The imines were
thermally stable above 200 °C. They underwent reduction and oxidation processes and exhibited an energy band gap
electrochemically estimated between 1.81 and 2.44 eV. They absorbed radiation from the UV and visible range to 480 nm and
showed weak light emission. These compounds were investigated as hole transporting materials in solar cells with the structure
FTO/b-TiO,/m-TiO,/perovskite/imine/Au. The highest photoelectric conversion efficiency was observed for compounds with a

morpholine derivative substituent.

1. INTRODUCTION

In the past decades, increased interest in organic materials with
unique properties and application possibilities in organic
electronics, i.e., photovoltaics (OPVs), light emitting diodes
(OLEDs), and field-effect transistors (FETs) has been
observed. Despite appreciable development of optoelectronics
in recent years, many problems related to semiconductor
processing and the efficiency of the devices are still unresolved.
Therefore, new stable, processable organic compounds that are
able to meet the continually increasing demands are being
sought.'~"® Among the various z-conjugated compounds,
azomethines have attracted broad research interest as
components in optoelectronic devices.””"” Imines are
synthesized under mild reaction conditions, where only water
is formed as a byproduct (the reaction is not harmful to the
environment), and do not require a complicated purification
process and metal catalysts.””'""? The possibility of
modification of the azomethine structure through the
appropriate selection of amines and carbonyl compounds
allows for the preparation of new compounds with the desired
properties. Considering the chemical structure of the
investigated imines for organic electronics, special attention
is paid to heterocyclic azomethines with a thiophene unit.*~"*
Compounds with a thiophene structure exhibit many desirable
properties in optoelectronics, such as low oxidation potentials,
low band-gap energy, good electrical conductivity, and
chemical and thermal stability.”*"'*'*"* Apart from the
various fields of imine applications, they are also investigated
as materials for photovoltaic (PV) cells.'*™>” Nowadays, they
are examined in bulk heterojunctions (BHJs),'*™*" dye-
sensitized solar cells (DSSCs),*” and perovskite solar cells
(PSCs).*'~** Bogdanowicz et al.'® reported unsymmetrical
and symmetrical azomethines with thiophene and thiazole
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structures tested in BH]J cells as donor components. Addition-
ally, the effect of the azomethine weight ratio in the active layer
on PV parameters was investigated. The highest power
conversion efficiency (PCE) of about 0.42% for devices with
the structure ITO/PEDOT:PSS/PTB7:symmetrical
imine:PC,;BM(4:1):8/Al was indicated. Petrus et al.'” applied
two conjugated thiophene azomethines with the triphenyl-
amine (TPA) moiety in BHJ PV devices (ITO/MoO,/
imine:PCBM (1:2)/LiF/Al) and registered a PCE of around
1.2%. Demeter et al."® examined push—pull imines with the
thiophene core as the donor component with a fullerene
acceptor in BHJ devices and the highest PCE was
approximately 2%. Our research group also reported the
results of applications of compounds with imine bonds in BH]J
cells."”~*** In the case of symmetrical molecules with two
—N=CH- linkages end-capped with anthracene, phenan-
threne, and pyrene, the highest PCE of about 0.21 and 0.30%
was registered for the device based on imine and azine with
pyrene units, respectively.19 In turn, in a series of azomethines
with one imine bond, the BHJ device with an active layer
consists of azomethine with two anthracene units exhibiting
the best value of PCE = 0.39%.”” We also tested compounds
containing both imine linkages and naphthalimide cores for
application in devices with P3HT:PCBM.”"*” The best
photovoltaic parameters with PCEs of about 5.50 and 5.16%
were obtained for cells bearing the active layer naphthalene
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diimide-imines with the bithiophene and 3,4-ethylenediox-
ythiophene (EDOT) unit, respectively.”” It should be noted
that the achieved PCE was significantly higher compared to
that of a reference cell based on a neat P3HT:PCBM.
Unsymmetrical imines with benzothiazole units utilized as a
donor unit in the device ITO/PEDOT:PSS/P3HT:PCBM:i-
mine (1:1:1)/Al gave a low PCE of about 0.1%.”” Among the
various polyazomethines tested in BHJ devices,”** the cells
with polyimine bearing TPA units showed the highest PV
performance. A PCE of about 0.49% for the device with the
architecture ITO/PEDOT:PSS/polyimine:PC, BM (1:2)/A1
was obtained.”® An example of imine examination is when tris-
4-iminophenyl-ethyl-thiophene is used as a sensitizer in a
DSSC and the device shows an open circuit voltage and a short
circuit current of about 0.62 V and 0.35 mA, respectively.’’ As
mentioned earlier, imines were also applied as hole trans-
porting materials (HTMs) in PSCs.”' % Petrus et al.’"*
reported a series of imines with various cores (EDOT,
thiophene, furan, TPA, and benzene) end-capped with the
TPA unit employed in PSCs. The fabricated PSC exhibited a
PCE in the broad range of 0.2—14.4% being the highest for
imines consisting of EDOT end-capped with TPA. Gawlinska
et al.”* reported that HTMs applied two polyazomethines with
thiophene rings. The best performance with a PCE of about
6.9% found for a device with fluorene moieties in the
polyimine structure and was used in the following architectures
of the device FTO/TiO,/TiO,/perovskite/S7/Au.

Inspired by the above findings, which show that imines can
be perspective materials for organic photovoltaics, we
synthesized a series of imines based on amine DAT (2,5-
diamino-thiophene-3,4-dicarboxylic acid diethyl ester) to
investigate the relationship between their chemical structures
and properties crucial for optoelectronics applications. The
synthesized imines were examined as HTMs in perovskite solar
cells. In the given research, the effect of the chemical structure
of unsymmetrical thiophene compounds with the imine bond
on its thermal stability and electrochemical and photophysical
behavior was determined. Additionally, frontier molecular
orbitals, geometric structures, and electronic spectra were
studied with the use of density functional theory (DFT) and
time-dependent density functional theory (TD-DFT). The
possibility of hydrogen bond formation in the as-prepared
azomethines was investigated experimentally and theoretically
using '"H NMR and Fourier transform infrared (FTIR)
spectroscopy and DFT, respectively.

2. EXPERIMENTAL SECTION

Materials used, '"H NMR, *C NMR, and FTIR characterization,
elemental analysis, and theoretical calculations are available in the
Supporting Information.

2.1. Synthesis of Thiophene Imines. All imines were obtained
using melt condensation. Aldehydes (0.5 mmol) (4-dimethylamino-
benzaldehyde or 4-[(2-cyanoethyl)methylamino]benzaldehyde or 4-
(4-morpholinyl)benzaldehyde or 3-quinolinecarboxaldehyde or 4-
methylbenzaldehyde) were melted under an argon atmosphere, and
2,5-diamino-thiophene-3,4-dicarboxylic acid diethyl ester (0.25
mmol) was added. In the next step, after about 4 h, a few drops of
DMA were added to the reaction mixture. After 24 h, the obtained
product was dissolved in chloroform, then precipitated in hexane, and
washed several times with hexane. Next, the imines were dried at 40
°C in a vacuum oven for 24 h.

2.2. Film Preparations. Films (0.02 g of imines in 1 cm® of
solvent) were fabricated from a homogenous chloroform solution.
The obtained mixtures were spin-coated on glass substrates. The films

were dried for 24 h in a vacuum oven at 50 °C. Additionally, an FTO/
b-TiO,/m-TiO,/perovskite/Az-4 film similar to the devices was
fabricated by the same method as that used in solar cell preparations
and current—voltage (I—V) measurements.

2.3. Characterization Methods. Nuclear magnetic resonance
(NMR) (*H and "*C NMR and HMQC) spectra of the obtained
imines were measured on a Bruker AC400 spectrometer 400 MHz,
with TMS as the internal standard and chloroform (CDCl;) or
dimethyl sulfoxide (DMSO-dy) as solvents. FTIR was performed
using a Thermo Scientific Nicolet iS$ in the range of 400—4000 cm™),
where the KBr pressed pellets were dried before use for 10 min.
Elemental analysis was performed using a Vario EL III apparatus
(Elementar, Germany). The thermal stability was investigated on a
PerkinElmer Pyris 1 TGA with a heating rate of 10 °C/min under a
stream of nitrogen (20 mL/min) to 600 °C. Absorption spectra in the
UV—vis range were recorded using a PerkinElmer Lambda Bio 40
UV/VIS spectrometer, and a Jasco V-550 spectrophotometer was
used for recording the UV—vis spectra of films. PL spectra in both
solutions (CHCl; and NMP) were recorded using a Varian Carry
Eclipse Spectrometer. PL measurements for films were carried out
using a Hitachi F-2500 spectrometer. Quantum yields (®;) were
measured on Edinburgh Instruments FLS 980 with the Avantes
AvaSphere-80 integrating sphere. Edinburgh Instruments software
allowed the absolute quantum yield measurements based on the direct
measurement of the number of emitted and absorbed photons using
the integrating sphere. For solutions, the pure solvent as a standard
and the excitation wavelengths with the most intense luminescence
were used. Redox properties were investigated on an Eco
ChemieAutolab PGSTAT128n potentiostat with the Pt electrode
(diam. 1.0 mm), the Pt coil, and the Ag wire as the working, auxiliary,
and reference electrodes. As an internal standard, the ferrocene couple
(Fc/Fc') was used. Experiments were performed in CH,CI,
(ACROSS Organics, 99.9% for biochemistry grade) with 0.1 mol/
dm® Bu,NPF, (Aldrich, 99%) as the supporting electrolyte salt at
temperature 23 + 1 °C under argon purging. AFM micrographs were
obtained using a Dimension ICON NanoScope IIId Bruker, operating
in the tapping mode, in air.

2.4. Solar Cell Preparations and Current—Voltage (/I-V)
Measurements. The FTO glasses were cleaned with surfactant,
deionized water, and isopropanol by ultrasonication. Afterward, a
blocking layer b-TiO, (spin-coated tetraethyl orthotitanate in EtOH
and HCl) was prepared on FTOs, as described in the paper.***® The
next step was a mesoporous m-TiO, layer being screen-printed on
FTO/b-TiO, under certain conditions as discussed in the literature.>®
The two-step method was used to obtain the perovskite layer. In the
first step, the hot solution of Pbl, (in anhydrous N,N-dimethylforma-
mide) was spin-coated on the FTO with TiO, layers. In the second
step, the samples were dipped in a solution of MAI in isopropanol
(using prewetting by IPA) and after this they were dried for an
appropriate time.”® The mixture of the thiophene core material
solution was 72.3 mg of the thiophene compound in 1 mL of
chlorobenzene, 28.8 yL of 4-tert-butyl pyridine, and 17.5 uL of
lithium bis(trifluoromethanesulfonyl)imide (520 mg Li-TFSI in 1 mL
acetonitrile). The foregoing solution was spin-coated on the FTO/b-
TiO,/m-TiO, at 4.000 rpm for 30 5.°**” On the as-prepared devices,
the gold electrode was deposited by thermal evaporation (~107°
mbar). Three devices were constructed for each tested compound as
HTMs in perovskite solar cells.

The prepared devices were tested using a PET Photo Emission
TechInc.Model SS 200AAA class solar simulator under standard test
conditions (25 °C, 1000 W/m?, AML1.5, active area was 0.25 cm?).

3. RESULTS AND DISCUSSION

A series of new unsymmetric thiophene imines end-caped with
an electron-donating amine (—NH,) group were synthesized
using the condensation of diamino-thiophene-3,4-dicarboxylic
acid diethyl ester (DAT) with 4-dimethylamino-benzaldehyde,
4-[(2-cyanoethyl)methylamino]benzaldehyde, 4-(4-
morpholinyl)benzaldehyde, 3-quinolinecarboxaldehyde, and
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Figure 1. Chemical structures of thiophene imines and their photographs under daylight.

4-methylbenzaldehyde powders (cf. Figure 1). The influence of
the chemical structure of the electron-donating substituent on
the phenyl ring or the electron-accepting unit conjugated with
the thiophene ring via azomethine linkages was considered.
3.1. Structural Analysis. Instrumental techniques includ-
ing '"H NMR, *C NMR, FTIR, and elemental analysis were
performed to confirm the chemical structure and purity of the
prepared imines. In the 'H NMR spectra, the signal of the
proton of the —HC=N-— bond was observed in the range of
7.92 (Az-2)—8.32 (Az-S) ppm. The lack of the characteristic
signal of the proton of the aldehyde group (—COH) confirmed
the condensation reaction. The signal of amine protons
(—=NH,) was observed from 7.73 ppm (Az-2) to 8.02 ppm
(Az-S). The signals of the methyl (—CH;) and methylene
(—CH,—) groups from DAT were recorded at about 1.20 and
1.30 ppm as a triplet and at 4.15—4.30 ppm as a quartet,
respectively. Moreover, the signal for the methyl group (Az-1)
was registered at 2.35 ppm and for Az-2 of the —N-CHj; group
was registered at 3.00 ppm. However, for Az-3, the signal of
the —N-CHj group was observed at 3.03 ppm and the signals
of the two —CH,— groups (from —N—CH,—CH,—CN) were
observed at 3.76 ppm and 2.75 ppm. The correlated 'H-"*C
HMQC spectra were obtained for Az-S and are presented in
the Supporting Information Figure S1. The obtained HMQC
spectra show the correlation of the proton signal from
hydrogen at 8.31 ppm with the carbon atom (at 149.71
ppm) in the —HC=N-— bond. In the FT-IR spectra of imines,
an absorption band of the —HC=N- linkages from 1661
(Az-2) to 1682 cm™' (Az-5) was observed. The
absorption of aromatic and aliphatic groups was observed in
the range of 3029—3095 and 2828—2982 cm™', respectively.
Furthermore, two absorption bands characteristic of —NH,
were recorded at 3385—3443 and 3242—3330 cm™'. The
bands in the ester —C=O0 group in the range of 1702—1732
cm™' were detected. The elemental analysis confirmed the
purity of the synthesized azomethines.
The presence of the primary amine group and an oxygen
atom in ester units in the synthesized azomethines creates the
possibility of the hydrogen bond formation.'”** The presence

of hydrogen bonds in exemplary imines (Az-1, Az-3, and Az-5)
was theoretically studied using DFT. The calculated C—O--
H-N distances, based on the optimized geometries, are almost
the same in the given azomethines with a value close to 2.0 A°
and an N—H--O angle of 125°, which are in line with the
experimental values of 2.1 A° and 123° obtained for ethyl 2-
amino-4-(4-methylphenyl)-5-(4-nitrophenyl)thiophene-3-car-
boxylate.”
hydrogen bonds indicate similar energy of these interactions, as

Almost the same geometrical parameters of the

can be seen from the potential energy curves shown in Figure 2
and Supporting Information, Figure S2.The calculated H-bond
stabilization energy is about 8.5 kcal/mol. Thus, the H-bonds
can be formed in the investigated imines.

3.2. Thermal Stability. Thermogravimetric analysis
(TGA) was performed to estimate the thermal stability of
the synthesized azomethines. The thermal data are summar-

—n—Az-1 N

Energy [kcal/mol]
N
1
/
\

—_— . —
-120 -80 -40 0 40 80 120
angle [°]
Figure 2. Potential energy profiles along the rotation of the amine
group in the Az-1.
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ized in Table 1 and the corresponding TGA curves are given in
Figure S3.

Table 1. TGA Data of the Obtained Imines

code Az-1 Az-2 Az-3 Az-4 Az-S
T, [°C] 233 234 260 265 257
T, [°C] 255 259 278 278 268
T,.°[°C] 262,376  375;355 282,363  282;363  270;372

“Temperature of the maximum decomposition rate from DTG
thermograms.

The beginning of thermal decomposition estimated as
temperature of 5 % weight loss (Ts) for methyl (Az-1) and
dimethylamine (Az-2) group as substituent was lower about 30
°C in compare with Az-3 - Az-5.%

3.3. Electrochemical Properties. The redox properties of
Az-1—Az-5 were investigated in dichloromethane (CH,Cl,)
solution using a Pt coil as a working electrode and 0.1 M
Bu,NPF; as an electrolyte. To estimate the ionization
potentials (IPs) and electron affinities (EAs), the differential
pulse voltammetry (DPV) and cyclic voltammetry (CV)
methods were used. The IP of the ferrocene couple (Fc/
Fc') was equal to —5.1 eV based on the literature.*” The
reversibility of the electron transfer process was based on the
difference between potential peaks (EPa and E,, AE, = E,, —
Epc). Considering EAs and IPs, the energy band gap (Eg) was
estimated. Electrochemical results are provided in Table 2 and
the CV voltammograms are shown in Figure 3.

The irreversible process of reduction was seen for imine with
the methyl (Az-1) and (cyanoethyl)methylamino substituents
(Az-3). The quasi-reversible process (AEP < 100 mV) for
compounds bearing the dimethylamino (Az-2), morpholine
(Az-4), and quinoline (Az-5) structure was noted. The
reversible process of oxidation based on the AE, value (AE,
= 60 mV) was observed for Az-3. For Az-2 and Az-4, the
quasi-reversible oxidation process (AE, < 90 mV) was
observed. In the case of Az-1 and Az-5, the oxidation process
was irreversible. The oxidation onset potentials (E, V)
were in the range of 0.05—0.39 V, where the lowest potential
was found for Az-4 and a similar value (E ™%V = 0.09 V) for
Az-2 and Az-3 was noted. The reduction onset potentials
(Eed™ ") were registered in the range of —1.76 to —2.18 V,

with the lowest potential for Az-4 and the highest potential for
Az-3. Using the DPV method, the reduction of the imine bond
was measured from —2.47 V (Az-1) to —2.29 V (Az-4).">*!
For Az-3 and Az-§, the lack of —-CH=N- bond reduction was
observed (cf. Figure S4), which may be related to the
electrochemical window of the used solvent (i.e., CH,Cl,).

The first reduction process as well as the first oxidation
process can be assigned to radical formation related to the
thiophene ring reduction.'’However, the first reduction
process for Az-S can be assigned to the quinoline part.*~*
Furthermore, in the case of oxidation of Az-2—Az-4 based on
DOS composition, the substituents play an important role and
a similar value of the E,°™* may be associated with presence
of nitrogen in the substituent chemical structure. Thiophene
imine materials with the electron donor —NH, have shown low
oxidation potentials compared to other structurally similar
compounds.'”"? The oxidation process is more difficult for
compounds with one methyl group in the substituent (Az-1).
For compounds with the electron accepting group of quinoline
(Az-5), the reduction process occurs at a lower potential than
for compounds with the electron donor —CHj group (cf.
Table 1). An increase in the number of methyl groups and the
presence of —CH,—CH, groups shifted the E, 4 value to a
higher potential (Az-3 > Az-2 > Az-1) (cf. Figure S4).

The electron affinities were obtained in the range from
—2.92 to —3.28 eV and the ionization potentials in the range
from —5.15 to —5.49 eV (cf. Table 2). Based on the CV
method, the E, value was between 1.81 and 2.44 eV.

3.4. Frontier Molecular Orbital Structure. Theoretical
calculations were carried out with the use of DFT and the
Gaussian09 program on the B3PW91/6-311g++ level. The
molecular geometry of the singlet ground state of the imines
was optimized in the gas phase with the Integral Equation
Formalism variant of Polarizable Continuum Model
(IEFPCM) and in dichloromethane for comparison of the
HOMO and LUMO energies with electrochemical data. Such
calculations were performed for the analysis of the frontier
molecular orbital structure and energy levels. The optimized
geometries of the imines are depicted in the Supporting
Information Figures S5 and S6 presents the experimental and
calculated IR spectra. Vibrational frequency calculations were
carried out for each of these imines, to ensure that the
optimized geometries represented the local minima of the

Table 2. Redox Properties (E,,, E,.q vs Fc/Fc*), Ionization Potentials (IPs), Electron Affinities (EAs), and Energy Band Gap
(E,) with the HOMO and LUMO Estimated Using DFT of the Investigated Imines”

code Az-1 Az-2 Az-3 Az-4 Az-5

method cv DPV cv DPV cv DPV cv DPV cv DPV
E, ™ [V] 0.39 0.35 0.09 0.06 0.09 0.04 0.05 0.03 0.26 0.20
E, [V] 0.50 0.45 0.20 0.17 0.20 0.17 021 0.16 0.45 0.35
IP [eV] —5.49 —5.45 -5.19 —-5.16 -5.19 -5.14 -5.15 -5.13 —-5.36 —5.30
E, ™ [V] -2.05 —2.04 —-2.10 -2.15 —2.18 —2.20 —-1.76 —1.80 —-1.82 —-1.90
E.q [V] -2.18 -2.13 -2.24 —2.28 -2.32 -2.31 —1.90 —-1.88 -1.95 —1.99
EA [eV] —-3.05 -3.06 -3.00 -2.95 -2.92 —-2.90 -3.34 —-3.30 —-3.28 —3.20
E, [eV] 2.44 2.39 2.19 221 227 224 1.81 1.83 2.08 2.10
E =N [v] nd —2.47 nd -2.57 nd nd nd -229 nd nd
HOMOPFT [eV] —5.60 -5.23 —-5.33 —5.35 —5.69
LUMOPFT [eV] -2.13 -1.84 -1.93 —1.94 —2.47
BT [eV] 3.48 3.39 3.40 3.39 322

P (V) = (=5.1 = E,,™) lel. EA (eV) = (=5.1 — E,")-lel. E, = B, — E, ™. E,°"" = HOMO — LUMO. nd — not detected. Pt as the
working electrode, v = 0.1 V/s, electrolyte 0.1 mol/dm* Bu,NPF; in CH,Cl,, ¢ = 10™* mol/dm’.
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Figure 3. CV voltammograms of thiophene imine materials (Pt, v = 0.1 V/s, 0.1 mol/dm*Bu,NPF, in CH,Cl,, ¢ = 10™* mol/dm?).
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Figure 4. UV—vis spectra of Az-1—Az-5 in (a) CHCL,, (b) Az-1, and (c) Az-2 in CHCl;, NMP, and film, and (d) UV—vis spectra of Az-1 in the

CHClI, solution with different excitation wavelengths.

potential energy surface and that only positive eigenvalues
were observed. In the ground state, the imines display the
deviation from planarity and the mean plane angle between the
thiophene and substituted phenyl is close to 35°, except for the
Az-5 molecule in which the angle is equal to 29.18° (cf. Table
S4 in the Supporting Information).

Comparing the energies of HOMOs and LUMOs
determined on the basis of the electrochemical data (cf.
Table 2) with the theoretically calculated values, it can be
observed that the calculated HOMO energies correspond well
with the experimental values of IP determined from CV

measurements. The miscalculations in the LUMO energy
values are larger, with the calculated LUMO values being
higher in energy than those determined experimentally. On the
other hand, the calculated values of the HOMO and LUMO
energies were used only for consistency with geometry
optimization. For a more detailed description of the molecular
orbitals, the contribution of molecule parts, i.e., substituted
thiophene fragment, —CH=N-—, and substituted phenyl
moiety, to a molecular orbital was calculated using the
GaussSum 3.0 program. The DOS diagrams are presented in
Figure S7 in the Supporting Information and the composition
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of selected molecular orbitals is provided in Table S1 in the
Supporting Information. The calculations show that the
electronic density of the LUMO comprises the whole
molecule, although the —HC=N-— part plays a significant
role in the energy level. The HOMO is mainly localized on the
thiophene structure.

3.5. Optoelectronic and Emission Properties. The
optoelectronic and emission properties of the synthesized
imines were investigated via UV—vis and PL investigations
supported by TD-DFT calculations (Gaussian 09 program on
the B3PW91/6-311g++ level). The electronic absorption and
PL spectra results were obtained in solvents such as N-methyl-
2-pyrrolidone (NMP) and chloroform (CHCl,) with different
polarities. The optical properties in thin films on glass
substrates were also studied. Electronic structures and
electronic transitions were calculated with the IEFPCM using
chloroform and NMP as solvents. The absorption data are
provided in Table S2 in the Supporting Information. The UV—
vis representative spectra are presented in Figure 4.

In the UV—vis spectra of the imines, the absorption band,
with the maximum wavelength () located in the range of
383—426 nm, considered as the S, — S, transition, clearly
dominates."* The A, in higher energy (241—295 nm) can be
attributed to the z—7z* transitions in the aromatic ring. The
calculated UV—vis spectra correspond very well with the
experimental one (cf. Figure S8). According to the TD-DFT
calculations, the S, state corresponds to the HOMO—LUMO,
whereas the S, state corresponds to the H-1/HOMO-—
LUMO/L+1/+2 transition (cf. Table S3 in the Supporting
Information). Based on the data collected in Table S1 and
DOS diagrams shown in Figure S7, the Sy — S, has a 7y, =
7* character, whereas S; — S, in the case of Az-2, Az-3, and
Az-4 is associated with the 7z — #*transition and in the case
of Az-1 and Az-$ has the same character as the lowest energy
absorption band. Based on calculations, it was found that all
molecules are polar. Az-1 exhibits lower polarity than others
and the dipole moment change in strongly polar NMP solution
compared to chloroform is small.Az-1 in NMP exhibited the
hypsochromic shift of A, relative to CHCly solution (cf.
Figure 4b). In the case of Az-2, Az-4, and Az-S, the small
solvatochromic effect, that is, the bathochromic shift of 1.,
together with the solvent polarity increase was seen (cf. Figure
S9). The molecules in thin films were more planar than those
in solution, which led to increased conjugation, and the
absorption bands were bathochromically shifted, although the
shift was relatively small (cf. Figures S10 and S11).

Considering the PL studies, it was found that the
investigated imines showed weak ability for light emission in
solution with the quantum PL yield (®p;) below 1%. Imines
with the dimethylamino substituent in chloroform (Az-2)
showed the highest ®p; (0.92%).As thin films on glass
substrates, azomethines were nonemissive, except for Az-2 (cf.
Table S2). Generally, thiophene materials were practically
weak or nonemissive in the solid state."’

It was found that the position of the maximum PL band
(Aem) was dependent on the excitation wavelengths (4,) in
violation of Kasha’s rule due to the fluorescence emission from
the second excited singlet state S,. Both kinds of emission from
S, and S, to S, were observed (cf. Figure 4d and Figure $12)."

At longer excitation wavelengths (corresponding to the S, —
S, transition), the PL intensity was very weak. The
optimization of the first and second singlet excited state
geometry was performed. Unfortunately, it was not possible to

optimize the geometry of the S, state of these compounds in
the gas phase as well as in CHCl; and NMP solutions. The
optimization of the S, state for Az-1, Az-2, and Az-3 also
failed. The geometries of the second singlet excited states for
Az-4 and Az-S were optimized in CHCI; solution at the TD-
B3PW91/6-311G++ level. The problem with the geometry
optimization of the first excited state may indicate that the S,
state is unstable and easily undergoes the nonradiative energy
dissipation. Thus, the imines show weak emission from the first
excited state. In the S, state, the molecular planarity distortion
in the case of Az-5 is much larger than in the ground state (cf.
Table S4 in Supporting Information), which has a significant
impact on the delocalization and conjugation of 7-electrons in
the molecules. The planarity of Az-4 molecules is less
disturbed in the S, state than in the ground state. Therefore,
the quantum efliciency of Az-4 is higher compared to that of
Az-5. In the excited state, the polarity of Az-4 and Az-$
molecules is greater than in the S, state, which corresponds to
the bathochromic shift of the emission maximum in NMP
relative to chloroform solution (cf. Table S2).

3.6. Perovskite Solar Cells. In the present paper, to the
best of our knowledge, for the first time thiophene imines
obtained from DAT were investigated as HTMs in PCSs. The
unencapsulated devices with the architecture FTO/b-TiO,/m-
TiO,/perovskite/imine/Au were fabricated under ambient air
with a humidity of 65% at 30—35 °C (cf. Figure $).
Additionally, the device without an HTM as a reference was
constructed. The detailed process of PCS construction is given
in the Experimental section.

Thiophene core material

Perovskite

TiO: layers

Figure 5. Scheme of the fabricated perovskite solar cells.

The calculated IP of imines being close to the HOMO level
(cf. Table 2) was more positive than that of the valance band
of MAPbI, (—5.43 eV). On the other hand, the EA of imines
close to their LUMO level was relatively higher than the
conductive band of the perovskite (—3.93 €V).”> These
findings suggest that the hole of the perovskite can transfer
into the HOMO of azomethines and the electron reflux from
perovskite to the counter electrode under illumination can be
blocked. Thus, the imines have the potential to act as HTMs in
PCS devices. The current—voltage (I—V) characteristics of the
prepared solar cells were measured (Figure S14), and the
photovoltaic parameters, J,, — short-circuit current, V. —
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Table 3. Short-Circuit Current, Open-Circuit Voltage, and
Cells

Other Photovoltaic Properties of the Prepared Perovskite Solar

device structure I. [mA] Jo [mA/cm?] V. [mV] FF [—] PCE [%]
FTO/b-TiO,/m-TiO,/perovskite/Au
champion 0.36 1.45 430.6 0.25 0.17
forward 0.35 + 0.06 142 +£ 023 420.7 + 66.4 0.25 + 0.01 0.16 + 0.05
backward 0.40 + 0.03 1.58 + 0.10 483.4 + 40.6 0.26 + 0.01 0.21 + 0.03
FTO/b-TiO,/m-TiO,/perovskite/Az-1/Au
champion 2.22 8.89 459.8 0.29 1.25
forward 2.31 + 0.03 9.24 + 0.14 4624 + 15.3 0.28 + 0.01 1.24 + 0.03
backward 1.74 + 0.02 6.95 + 0.09 354.6 + 0.4 0.30 + 0.01 0.77 + 0.01
FTO/b-TiO,/m-TiO,/perovskite/Az-2/Au
champion 1.09 4.37 5479 0.29 0.74
forward 1.29 + 0.40 5.15 + 1.60 525.1 + 49.3 0.25 + 0.07 0.72 + 0.06
backward 0.82 + 0.02 3.28 + 0.06 506.0 + 46.2 0.33 + 0.02 0.59 + 0.07
FTO/b-TiO,/m-TiO,/perovskite/Az-3/Au
champion 0.91 3.63 444.1 0.30 0.50
forward 0.93 + 0.03 3.73 £ 0.13 450.6 + 18.0 0.29 + 0.04 0.50 + 0.02
backward 0.65 + 0.01 2.60 + 0.05 3384 + 0.9 0.26 + 0.01 0.24 + 0.01
FTO/b-TiO,/m-TiO,/perovskite/Az-4/Au
champion 2.05 8.20 579.3 0.32 1.59
forward 2.02 + 0.07 8.10 + 0.27 569.6 + 19.5 0.32 + 0.01 1.51 + 0.16
backward 1.42 + 0.02 5.70 + 0.09 4712 + 9.6 0.36 + 0.01 1.02 + 0.04
FTO/b-TiO,/m-TiO,/perovskite/Az-5/Au
champion 0.72 2.89 750.9 0.39 0.89
forward 0.70 + 0.04 2.81 = 0.17 7504 + 1.1 0.39 + 0.01 0.85 + 0.08
backward 0.51 + 0.04 2.02 + 0.17 729.7 + 0.8 0.38 + 0.02 0.58 + 0.07
(a) 49.8 nm (b) 376.1 pm
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Figure 6. AFM micrographs of (a) TiO, onto FTO, (b) FTO/b-TiO,/m-TiO,/perovskite/, and (c) FTO/b-TiO,/m-TiO,/perovskite/Az-4.

open-circuit voltage, FF — fill factor, and PCE — power
conversion efficiency, were calculated (cf. Table 3).
Considering the J—V characteristics registered in a forward
and reverse scan, it was found that the curves suffered from a
severely large hysteresis (cf. Figure S14), which often appears

in the case of PSCs and significantly has an impact on PV
parameters. The origin of hysteresis is an aspect of debate and
different assumptions are taken into account. Hysteresis is
mainly related to the perovskite material, electron and hole

transport layers, and the device architectures as well as it is
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dependent on the external scanning parameters.”’~*" The
reduction or elimination of the hysteresis effect is necessary to
achieve stable and reliable PSCs, and special attempts, which
can reduce the hysteresis index have been made.””*" In case of
fabricated devices the PCE was lower in the range of 0.15—
0.57% than that of forward scan, which is not high differences,
however considering the reached low value is significant.

It was found that devices bearing the imines showed better
PV parameters compared to the reference cell FTO/b-TiO,/
m-TiO,/perovskite/Au. A better efficiency resulted from the
Jsc value, which mainly depends on the absorption of light.
Thus, it was found that the devices with tested imines
significantly differ in the incident photon-to-current efficiency
(IPCE); unfortunately such measurements were not carried
out. Moreover, it was found that the thicknesses of both the
perovskite and HTM layers are also crucial for the calculation
of J,, and thickness optimization for each layer is required.”” If
the thickness is less than the ideal thickness, the HTL may not
cover the protruding perovskite crystals completely, which is
present in the perovskite layer. The film-forming ability of the
presented compounds may be different, which has an impact
on its quality and thickness and finally on the J,. The film-
forming capability of Az-4 on the perovskite was investigated
by atomic force microscopy (AFM). Additionally, the TiO,
layers with and without perovskite were examined by AFM (cf.
Figure 6).

The AFM results illustrate the root-mean-square (RMS)
roughness values of the investigated layers. The micrographs
indicate that the TiO, layers deposited onto FTO were very
planar with an RMS value of about 15 nm in contrast to TiO,
covered with the perovskite, which showed an RMS value of
around 100 nm. The Az-4 film spin-coated on the top of
perovskite causes a significant decrease in the surface
roughness to 50 nm. Thus, Az-4 can create a very smooth
capping layer on the perovskite and could form a better
interfacial contact of perovskite/HTM/Au. The RMS value of
the perovskite covered with Az-4 is still relatively rough.
Considering the absorption ability of Az-4 in the visible range,
it would create minor competitive absorption with the
perovskite layer for light harvesting in devices (cf. Figure S15).

4. CONCLUSIONS

In conclusion, this work focuses on the investigations of five
new thiophene imines toward optoelectronics. The relation-
ships between the chemical structures of the synthesized
azomethines and their selected properties crucial for
applications were studied. It was found that:

e azomethines with the (cyanoethyl)methylamine, mor-
pholine, and quinoline structure were thermally stable at
260 °C compared to imines with methyl and dimethyl-
amine units;

o the substitution of the phenyl group with the methyl
group (Az-1) and the introduction of the quinoline unit
(Az-5) lowered the ionization potential compared to
other substituents, and other imines showed the same IP
value;

o the imines with an electron-donating unit exhibited the
maximum absorption in the range of 401—433 nm and
the substitution of the phenyl ring with amine
derivatives (dimethylamine (Az-2) and (cyanoethyl)-
methylamine (Az-3)) shifted A,,,, to a lower energy. The

introduction of the electron-acceptor group (quinoline)
(Az-5) hypsochromically shifted A,,,, to 383 nm;

e imines showed weak ability for photoluminescence with
the quantum PL yield below 1% and both kinds of
emission from S, and S, to S, were seen. Only Az-2 was
emissive in the solid state as the film,

e all imines showed the same activities as HTMs in PSCs
and the compounds with the morpholine derivative (Az-
4) showed the highest power conversion efficiency.

The presented imines can be considered as materials for
further modification due to the presence of free amine groups,
and Az-4 is the most promising for such activities.
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