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Abstract

A new nitro- and cyano-functionalized, tetradecyl-substituted benzothienoquinolizinium
tetrafluoroborate was synthesized through oxidative photocyclisation of a pyridinium pre-
cursor and evaluated as a potential small molecule N-type organic semiconductor. The pre-
cursor and the photocyclised salts were characterized by UV–Vis absorption spectroscopy,
DSC, 1H and 13C NMR, and cyclic voltammetry. Their optoelectronic properties were
further investigated by DFT and TD-DFT calculations. Photocyclisation induced a marked
bathochromic extension of the absorption profile, decreasing the optical band gap from
3.19 eV for the pyridinium precursor to 2.61 eV for the fused benzothienoquinolizinium salt.
Cyclic voltammetry revealed a stabilized electrochemical LUMO level of approximately
−3.87 eV, supporting the electron-deficient character of the nitro/cyano-substituted cationic
scaffold. Frontier molecular orbital analysis showed that the HOMO and LUMO are mainly
localized on the fused π-conjugated core and electron-withdrawing aryl substituents,
with negligible contribution from the tetradecyl chain and BF4

− counterion. TD-DFT
and electron excitation analyses indicated that the monomeric low-energy transition has
mixed local/charge-transfer character, whereas π-stacked dimers, especially the face-to-
face arrangement, enhance charge transfer character and reduce electron–hole Coulombic
attraction. Marcus type charge transport calculations revealed packing dependent behavior,
with the face-to-face dimer displaying nearly ambipolar transport with a slight electron
preference. A preliminary theoretical donor–acceptor model with hexaphenyl-substituted
hexabenzocoronene further suggested energetic compatibility and strong intermolecular
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charge-transfer character. Overall, these results identify this benzothienoquinolizinium
tetrafluoroborate as a promising electron-deficient cationic π-scaffold for future organic
optoelectronic materials.

Keywords: organic electronics; organic N-type semiconductors; non-fullerene acceptors

1. Introduction
Organic semiconductors have attracted sustained interest for applications in optoelec-

tronic devices, including organic photovoltaics, light-emitting diodes, sensors, field-effect
transistors, and photoactive molecular materials [1,2]. Their appeal arises from their struc-
tural tunability, solution processability, compatibility with flexible substrates, and the
possibility of controlling optical and electronic properties through molecular design [2,3].
In organic photovoltaic systems, efficient device operation depends on the combination
of P-type donor [4,5] and N-type acceptor materials [6], where the acceptor must display
suitable electron affinity, adequate frontier orbital alignment, visible-light absorption, and
favorable charge-transport characteristics [7,8]. Fullerene derivatives have historically been
the most widely used N-type acceptors because of their high electron affinity and efficient
electron transport [6]. However, their limited absorption in the visible region, restricted
structural tunability, and stability-related limitations have motivated the development of
non-fullerene acceptors based on organic small molecules [9]. Small-molecule acceptors are
particularly attractive because their molecular structures can be modified in a predictable
way to tune the HOMO/LUMO energy levels, optical band gaps, molecular packing,
and charge-transport properties [10]. Therefore, the design of new electron-deficient π-
conjugated scaffolds remains an important strategy for expanding the family of potential
N-type organic semiconductors.

Polycyclic aromatic and heteroaromatic systems are promising platforms for this pur-
pose due to their extended π-surfaces, which can favor intermolecular π–π interactions
and supramolecular organization [11]. The incorporation of heteroatoms into fused aro-
matic frameworks provides an additional tool to modulate the electronic structure, redox
response, optical absorption, and semiconductor character of these materials [12,13]. More-
over, molecular rigidity and planarity can improve electronic delocalization and promote
organized packing, both of which are relevant for charge migration in the solid state [11–15].
Discotic and fused aromatic systems are especially interesting because columnar or lamellar
arrangements can provide preferential pathways for charge transport [16,17].

Within this family, positively charged polycyclic aromatic hydrocarbons (PCPAHs)
and cationic heteroaromatic systems represent an attractive but still comparatively underex-
plored class of electron-deficient π-materials. The presence of a positively charged nitrogen
atom embedded in or connected to the aromatic framework increases the electron-accepting
character of the molecule, while the extended π-system can support optical absorption and
supramolecular assembly [18–23]. Previous studies have shown that cationic discotic PAHs
can self-assemble into nanofibers, nanotubes, ribbons, two-dimensional nanostructures,
and columnar organizations depending on the alkyl substituent, counterion, and ionic
environment [18–23]. These features suggest that charged fused aromatic scaffolds can
combine molecular electron deficiency with structural organization, two properties that are
highly desirable for optoelectronic materials [24].

Pyridinium and quinolizinium derivatives are particularly relevant in this context
because the quaternary nitrogen atom acts as a strong electron-withdrawing center. These
cationic heteroaromatic units have been widely explored as acceptor fragments in donor–
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acceptor chromophores, nonlinear optical materials, photoactive systems, and dye-related
applications [25–27]. Extended quinolizinium-fused corannulene derivatives illustrate how
the incorporation of a positively charged, electron-deficient heteroaromatic unit into a
curved π-system can modulate its electronic structure [28]. In these systems, the quino-
lizinium fragment contributes to the stabilization of low-lying frontier molecular orbitals,
particularly the LUMO, while π-extension, structural fusion, and molecular curvature
influence the absorption profile and optical energy gap.

A useful synthetic route toward rigid cationic fused heteroaromatic systems is the
oxidative photocyclisation of aryl-substituted pyridinium salts. Classical studies have
demonstrated that 1,2-diaryl- and 1,2,6-triarylpyridinium cations can undergo photoin-
duced cyclisation or bicyclisation through excited-state processes followed by oxidative
dehydrogenation, affording fused tetra- and polycyclic cationic frameworks [29,30]. Subse-
quent investigations of expanded pyridiniums confirmed that pericondensation strongly
modifies the optical and photophysical properties of these compounds, extending their ab-
sorption into the visible region and increasing molecular rigidity [22]. These studies provide
an important conceptual foundation for using photocyclisation as a strategy to transform
flexible pyridinium precursors into planarized, electron-deficient π-conjugated cations.

Photobicyclised, tetradecyl-substituted benzodithienoquinolizinium salts have re-
cently been proposed as potential non-fullerene organic N-type semiconductors based on
their UV–Vis absorption, electrochemical LUMO levels, energy band gaps (HOMO-LUMO),
and theoretical charge-transport analysis [31]. In particular, the tetradecyl-substituted
derivative has shown promising theoretical electron-transport features, suggesting that
this cationic fused scaffold could serve as a platform for further molecular engineering.
In parallel, aggregation studies of related photocyclised pyridinium salts showed evi-
dence of J-aggregate formation in water, supporting the ability of these planar cationic
systems to organize through π-stacking interactions [32]. Theoretical studies of pyridinium
stacking also indicate that aromatic cations can form π–π stacked structures under appro-
priate conditions, with substituent and solvent effects influencing the strength of these
interactions [33].

Despite these advances, the electronic modulation of benzothienoquinolizinium-type
scaffolds via strong electron-withdrawing substituents remains underexplored. In mod-
ern non-fullerene acceptor chemistry, peripheral and end-group functionalization is a
powerful strategy for tuning absorption, frontier orbital energies, molecular packing,
and photovoltaic performance [34–37]. Nitro groups are particularly strong electron-
withdrawing substituents and have been shown to deepen frontier orbital levels, reduce
optical gaps, alter absorption profiles, and influence molecular packing in acceptor–donor–
acceptor systems [38,39]. Cyano-containing acceptor motifs are also widely used in high-
performance organic acceptors because of their ability to stabilize LUMO levels and rein-
force electron-accepting character [40,41]. Therefore, the simultaneous incorporation of
nitro and cyano groups into a photocyclised cationic scaffold offers a rational approach to
strengthen its potential N-type character.

Based on this background, the present work reports the synthesis and experimental
theoretical study of a nitro- and cyano-functionalized, tetradecyl-substituted benzothieno-
quinolizinium salt obtained by oxidative photocyclisation of its pyridinium precursor. The
molecular design combines two complementary strategies: rigidification and π-extension
through photocyclisation, and LUMO stabilization through the introduction of strong
electron-withdrawing substituents. The precursor (3) and photocyclised salt (4) were char-
acterized by UV–Vis spectroscopy, 1H and 13C-NMR, Differential Scanning Calorimetry
and cyclic voltammetry, while the optoelectronic properties of photocyclised salt were
further evaluated using DFT and TD-DFT calculations, electronic excitation analysis, and
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charge-transport calculations [31,42–56]. The results are discussed in comparison with
the previously reported, tetradecyl-substituted benzodithienoquinolizinium platform and
with representative organic N-type acceptor materials [31], aiming to assess the poten-
tial of this new cationic fused π-system as a small-molecule organic semiconductor with
N-type character.

2. Materials and Methods
2.1. Synthesis of the Nitro- and Cyano-Functionalized Benzothienoquinolizinium Salt

The compounds were synthesized according to the route discussed in Section 3.1.
The chalcone intermediate, (E)-4-(3-(4-nitrophenyl)acryloyl)benzonitrile (1), was obtained
by base-catalyzed condensation of 4-acetylbenzonitrile with 4-nitrobenzaldehyde in the
presence of NaOH [57,58].

The pyrylium salt precursor, 2-(4-cyanophenyl)-4-(4-nitrophenyl)-6-(thiophen-2-
yl)pyrylium tetrafluoroborate (2), was prepared following a reported procedure by con-
densation of compound 1 with 2-acetylthiophene in the presence of tetrafluoroboric acid
diethyl ether complex (HBF4·Et2O) [59].

The pyridinium salt precursor, 2-(4-cyanophenyl)-4-(4-nitrophenyl)-1-(4-tetradecylphe-
nyl)-6-(thiophen-2-yl)pyridin-1-ium tetrafluoroborate (3), was synthesized by refluxing
equimolar amounts of pyrylium salt 2 and 4-tetradecylaniline (0.37 mmol) in ethanol
(20 mL) for 8 h. The resulting precipitate was filtered, washed with cold ethanol, and
recrystallized from ethanol. 67% yield, mp = 140 ◦C (DSC onset). 1H NMR (400 MHz,
acetone-d6) 8.88 (s, 2H), 8.53 (dd, J = 22.0, 8.9 Hz, 4H), 7.87–7.80 (m, 7H), 7.55 (d, J = 8.4 Hz,
2H), 7.16 (d, J = 8.4 Hz, 2H), 2.58–2.51 (m, 2H, Ar–CH2), 1.55–1.45 (m, 2H), 1.38–1.20 (m,
22H), 0.92–0.84 (m, 3H) (Figure S1). 13C NMR (101 MHz, CDCl3) δ 156.16, 155.58, 149.61,
146.86, 140.17, 136.57, 135.79, 132.97, 130.73, 130.20, 129.57, 127.94, 125.47, 124.58, 117.55,
114.52, 35.33, 30.04, 29.77, 29.42, 29.05, 22.81, 14.24 (Figure S2).

The photocyclised pyridinium salt, 11-cyano-2-(4-nitrophenyl)-8-tetradecylthieno[2′,3′:1,2]
quinolizino[3,4,5,6-def]phenanthridin-14-ium tetrafluoroborate (BTQ(NO2,CN)C14H29BF4

(4)), was obtained by oxidative photocyclisation of precursor 3. A solution of compound 3
(0.5 mmol) in 50 mL of a hexane/ethanol mixture (5:1, v/v) was placed in a quartz flask
and irradiated for 80 h under O2 using a Luzchem photoreactor (model LZC-4V/LZC-
4VB) (Luzchem Research, Inc., Ottawa, ON, Canada) equipped with 300 nm lamps. The
precipitated photocyclised tetrafluoroborate was filtered and recrystallized from ethanol to
afford the target benzothienoquinolizinium tetrafluoroborate as a dark orange solid. 73%
yield, mp= 108 ◦C (DSC onset). 1H NMR (400 MHz, acetone-d6) δ 8.86 (s, 1H), 8.55–8.48 (m,
2H), 7.80 (s, 6H), 7.55 (d, J = 8.0 Hz, 2H), 7.15 (d, J = 7.0 Hz, 2H), 2.58–2.50 (m, 2H, Ar–CH2),
1.60–1.45 (m, 2H), 1.40–1.20 (m, 22H), 0.93–0.84 (m, 3H) (Figure S4). 13C NMR (101 MHz,
CDCl3) δ 156.43, 137.44, 133.03, 131.90, 130.42, 128.81, 125.44, 118.42, 115.35, 36.18, 32.00,
31.62, 30.62, 30.33, 29.90, 23.66, 15.10 (Figure S5).

2.2. Physical and Spectroscopic Characterization

Differential scanning calorimetry (DSC) characterizations were performed under a
nitrogen flow of 20 mL min−1. Samples of approximately 2.2 mg for compound 3 and
2.1 mg for compound 4 were first held at 30 ◦C for 1 min and then heated from 30 to 400 ◦C
at a heating rate of 10 ◦C min−1. The melting temperatures were determined from the
onset of the endothermic transitions (Figures S3 and S6 respectively) observed in the first
heating scan.

The optical properties were determined by UV–Vis absorption spectroscopy using
a BelPhotonics UV-M51 spectrophotometer (BEL Engineering srl, Monza, Italy) UV–Vis
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characterizations were carried out in acetonitrile (CH3CN) and dichloromethane (CH2Cl2)
at room temperature using quartz cuvettes with a 1 cm optical path length.

Structural characterization was performed by 1H and 13C NMR spectroscopy using a
Bruker 400 MHz spectrometer (Bruker Corporation, Billerica, MA, USA) 1H NMR spectra
were recorded at 400 MHz in acetone-d6, while 13C NMR spectra were recorded at 101 MHz
in CDCl3. Chemical shifts (δ) are reported in ppm relative to the residual solvent signals,
and coupling constants (J) are reported in Hz.

2.3. Electrochemical Characterization

Electrochemical characterization was performed by cyclic voltammetry (CV) using
an Epsilon Eclipse potentiostat (BASi) (BASi Research Products, Inc., West Lafayette, IN,
USA) with a standard three-electrode configuration consisting of a platinum disk working
electrode (0.126 cm2), a platinum wire counter electrode, and an Ag/AgCl reference elec-
trode. Cyclic voltammetry experiments were performed in anhydrous acetonitrile using
0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6) as the supporting electrolyte
and an analyte concentration of 1.0 × 10−3 M. Prior to each characterization, the solu-
tions were purged with nitrogen for 10 min to remove dissolved oxygen. Voltammograms
were recorded at a scan rate of 50 mV s−1 within a potential window from −1.5 to +1.5 V.
Ferrocene/ferrocenium (Fc/Fc+) was used as an internal standard for potential calibration.

2.4. Computational Methods

All quantum chemical calculations were carried out using the Gaussian 16 soft-
ware package (revision B.01) [60]. Gas phase geometry optimizations of the nitro- and
cyano-functionalized, tetradecyl-substituted benzothienoquinolizinium tetrafluoroborate
BTQ(NO2,CN)C14H29BF4 (4) were performed using the M06-2X functional in combination
with the 6-311G(d) basis set. The M06-2X functional was selected because of its established
performance for main-group thermochemistry, π-conjugated systems, and medium-range
noncovalent interactions, which are relevant for the description of π-stacked organic semi-
conductor models.

The monomeric salt and two representative π-stacked dimeric models, namely face-
to-face (FF) and face-to-tail (FT) arrangements, were modeled including explicit BF4

−

counterions in order to preserve electroneutrality and provide a more realistic representa-
tion of the tetrafluoroborate salts. Representative dimer geometries were selected from a
preliminary conformational screening of the parent BTQ scaffold, in which different relative
positions of the BF4

− counterions were evaluated. The FF and FT π-stacked motifs were
selected as representative arrangements based on previous structural studies of related
positively charged fused pyridinium/PQP-type scaffolds, where cofacial head-to-head,
tail-to-tail, layered, and columnar π-stacked organizations have been observed by X-ray
diffraction or inferred from bulk/solution self-assembly studies [18,19,22]. The stability of
each arrangement was assessed using BSSE-corrected interaction energies calculated by the
counterpoise method, as reported in the Supporting Information.

The most stable FF and FT arrangements identified from this screening were FF-sym-b
and FT-asym-a, with interaction energies of −205.92 and −202.24 kJ mol−1, respectively
(Table S1). These geometries were then used as starting structures for the nitro/cyano
functionalized FF and FT dimers of compound 4. After introducing the NO2 and CN
substituents, the corresponding dimers were fully reoptimized at the M06-2X/6-311G(d)
level. Frequency calculations were performed at the same level of theory for the monomeric
salt to verify that the optimized geometry corresponded to a true minimum on the potential
energy surface.
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Frontier molecular orbital energies and orbital distributions were obtained from single-
point B3LYP/6-311G(d) calculations performed on the M06-2X/6-311G(d)-optimized ge-
ometries. Electronic excitation properties were calculated using time-dependent density
functional theory (TD-DFT) at the B3LYP/6-311G(d) level. The electronic transitions and
electron–hole distributions were analyzed using Multiwfn 3.8 [61].

To address the possible limitations of B3LYP for charge-transfer excited states and
to evaluate solvent effects, additional TD-DFT single point calculations were performed
at the CAM-B3LYP-D3/6-311G(d) level using the SMD continuum model for acetonitrile.
These calculations were carried out on the previously optimized gas phase M06-2X ge-
ometries of the monomeric salt 4, the FF and FT π-stacked dimers, and the HBC-PhC12···4
donor–acceptor complex. No geometry reoptimization was performed in solvent for this
validation step. The CAM-B3LYP-D3/SMD(CH3CN) calculations were used to assess
the robustness of the qualitative excited-state assignments, particularly for transitions
with charge-transfer character. Charge-transport descriptors for the FF and FT dimeric
arrangements were calculated from the M06-2X/6-311G(d) optimized geometries within
the Marcus theory framework.

For the donor–acceptor model, HBC-PhC12, and the HBC-PhC12···4 complex were
optimized in the gas phase at the M06-2X/6-31G(d,p) level. Single point B3LYP/6-311G(d)
calculations were then performed on these optimized geometries to evaluate the frontier
orbital alignment and donor–acceptor energetic compatibility. The electronic excitation
associated with the HBC-PhC12···4 complex was analyzed using Multiwfn 3.8 [61]. Addi-
tional TD-CAM-B3LYP-D3/6-311G(d)/SMD(CH3CN) calculations were also performed for
this complex to verify whether the intermolecular charge-transfer character was preserved
upon inclusion of long-range exchange and solvent polarization.

3. Results
3.1. Synthesis of the Polycyclic Heteroaromatic Salts

The synthetic route toward the nitro- and cyano-functionalized benzothienoquino-
lizinium tetrafluoroborate is shown in Scheme 1. The preparation of the target com-
pound followed a stepwise strategy based on the construction of a suitably substituted
pyridinium precursor and its subsequent oxidative photocyclisation to generate the
fused cationic heteroaromatic scaffold [29,30]. The chalcone intermediate, (E)-4-(3-(4-
nitrophenyl)acryloyl)benzonitrile (1), was obtained by base-catalyzed condensation of
4-acetylbenzonitrile with 4-nitrobenzaldehyde. Subsequent acid-mediated cyclization
with 2-acetylthiophene in the presence of tetrafluoroboric acid diethyl ether complex af-
forded the corresponding pyrylium tetrafluoroborate, 2-(4-cyanophenyl)-4-(4-nitrophenyl)-
6-(thiophen-2-yl)pyrylium tetrafluoroborate (2). This sequence provides the electron-
deficient pyrylium platform bearing both cyano and nitro substituents, which are re-
tained in the final photocyclised salt. Conversion of pyrylium salt 2 into the corre-
sponding pyridinium precursor was achieved by reaction with 4-tetradecylaniline under
reflux in ethanol. This transformation afforded 2-(4-cyanophenyl)-4-(4-nitrophenyl)-1-
(4-tetradecylphenyl)-6-(thiophen-2-yl)pyridin-1-ium tetrafluoroborate (3). The introduc-
tion of the tetradecylphenyl group was intended to provide a hydrophobic side chain
analogous to those previously used in related photobicyclised pyridinium-derived sys-
tems, where long alkyl substituents can influence solubility, processability, and potential
supramolecular organization.

The final step consisted of oxidative photocyclisation of pyridinium precursor 3 under
O2 irradiation at 300 nm in a hexane/ethanol mixture (5:1, v/v). Under these conditions, the
initially non-fused pyridinium salt (3) was converted into the planarized polycyclic cationic
framework, affording 11-cyano-2-(4-nitrophenyl)-8-tetradecylthieno[2′,3′:1,2]quinolizino
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[3,4,5,6-def]phenanthridin-14-ium tetrafluoroborate (BTQ(NO2,CN)C14H29BF4 (4)) as a
dark-orange solid.

Scheme 1. Synthetic route toward the nitro- and cyano-functionalized, tetradecyl-substituted ben-
zothienoquinolizinium tetrafluoroborate.

The successful formation of the photocyclised salt 4, is relevant from a molecular-
design perspective because the reaction converts a conformationally flexible pyridinium
precursor into a more rigid and extended π-conjugated cationic scaffold. At the same time,
the presence of cyano and nitro substituents is expected to reinforce the electron-accepting
character of the system by stabilizing the LUMO level. Thus, compound 4 combines two
complementary design elements: structural planarization through photocyclisation and
electronic modulation through strong electron-withdrawing substituents [38–40].

3.2. Spectroscopic UV-Vis Characterization

The UV–Vis absorption spectra of the pyridinium salt precursor 3 and the photocy-
clised nitro- and cyano-functionalized, tetradecyl-substituted benzothienoquinolizinium
tetrafluoroborate 4 were recorded in acetonitrile at room temperature (Figure 1) to ensure
consistency with the electrochemical characterizations.

The non-fused pyridinium salt 3 shows an absorption onset at 389 nm, corresponding
to an optical band gap of 3.19 eV. In contrast, the photocyclised salt 4 exhibits a red-shifted
absorption onset at 475 nm, corresponding to a reduced optical band gap of 2.61 eV. The
optical band gaps were estimated from the absorption edge according to Equation (1),
following the same approach used for related benzodithienoquinolizinium tetrafluorobo-
rates [31,62]:

Egopt = 1240/λ onset (1)

where Egopt is the optical band gap in eV and λ onset is the absorption onset wavelength
in nm.

The bathochromic displacement of the absorption edge from 389 nm for precursor 3
to 475 nm for the photocyclised compound 4 corresponds to a decrease of approximately
0.58 eV in the optical band gap. This decrease is consistent with the structural transforma-
tion induced by oxidative photocyclisation, which converts the conformationally more flex-
ible pyridinium precursor into a rigid, planarized, and more extended polycyclic cationic
π-system. Such planarization increases effective conjugation and favors lower-energy
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electronic transitions, as previously observed for related photocyclised pyridinium-derived
heteroaromatic salts [31,32].

Figure 1. UV–Vis absorption spectra of the pyridinium precursor 3 (black) and the photocyclised
benzothienoquinolizinium tetrafluoroborate 4 (red) in acetonitrile as solvent.

The broader absorption tail of compound 4 into the visible region is particularly
relevant for optoelectronic applications, since visible-light absorption is a desirable feature
for small-molecule acceptor materials. The reduced optical band gap of 4 also supports the
hypothesis that the fused benzothienoquinolizinium framework, combined with strong
electron-withdrawing substituents, promotes a more electron-deficient and optically active
potential N-type material. The experimentally determined optical band gap of 4 will also be
used in combination with electrochemical data to estimate the HOMO energy level from the
electrochemical LUMO, following the strategy commonly applied to organic semiconductor
candidates [63,64].

3.3. Electrochemical Studies

Cyclic voltammetry was used to evaluate the electron-accepting character of the
pyridinium precursor 3 and the photocyclised benzothienoquinolizinium tetrafluoroborate
4. The voltammetric profiles were recorded in anhydrous acetonitrile using Bu4NPF6

as supporting electrolyte, with ferrocene/ferrocenium (Fc/Fc+) as an internal reference.
The corresponding voltammograms, including those of the blank electrolyte and Fc/Fc+

reference, are shown in the Supporting Information (Figures S7–S10). The experimental
ferrocene half-wave potential was determined as 0.472 V vs. Ag/AgCl, allowing the
reduction potentials of the compounds to be referenced to Fc/Fc+. The electrochemical
report gives reduction potentials of −0.466 V for 3 and −0.463 V for 4 vs. Ag/AgCl
(Figures S5 and S6), together with the derived LUMO, optical gap, and HOMO values.

The LUMO energy levels were estimated from the reduction potentials using the
conventional ferrocene-referenced relation [63,64]:

ELUMO = −(Ered − EFc/Fc+ + 4.80) eV (2)

where Ered is the reduction potential determined versus Ag/AgCl, EFc/Fc+ is the half-wave
potential of ferrocene versus Ag/AgCl, and 4.80 eV corresponds to the energy level of
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Fc/Fc+ below vacuum. When the reduction potential is already expressed versus Fc/Fc+,
Equation (2) can be written equivalently as:

ELUMO = −(Ered,vs.Fc/Fc
+ + 4.80) eV (3)

The HOMO energy levels were then estimated by combining the electrochemical
LUMO values with the optical band gaps obtained from the UV–Vis absorption onsets:

EHOMO = ELUMO − Egopt (4)

The resulting electrochemical and optical parameters are summarized in Table 1.

Table 1. Electrochemical and optical parameters of the pyridinium precursor 3 and photocyclised
benzothienoquinolizinium tetrafluoroborate 4 using acetonitrile as solvent.

Compound Ered vs. Ag/AgCl/V ELUMO/eV Egopt/eV EHOMO/eV

3 −0.466 −3.86 3.19 −7.05
4 −0.463 −3.87 2.61 −6.48

The pyridinium precursor 3 and the photocyclised salt 4 display very similar reduc-
tion potentials, leading to nearly identical electrochemical LUMO levels of −3.86 eV and
−3.87 eV, respectively. This indicates that the first reduction process is strongly governed
by the electron-deficient cationic scaffold and by the presence of the nitro and cyano sub-
stituents. The small difference between both LUMO values suggests that photocyclisation
does not substantially alter the thermodynamic accessibility of the first reduction under the
present experimental conditions.

However, the optical and electronic consequences of photocyclisation become evident
when the LUMO values are combined with the optical band gaps. Precursor 3 exhibits an
estimated HOMO level of −7.05 eV, whereas photocyclised compound 4 shows a higher
HOMO level of −6.48 eV. This change is consistent with the decrease in optical band
gap from 3.19 eV to 2.61 eV, previously determined from the UV–Vis absorption onset.
Therefore, the main electronic effect of photocyclisation is not a large additional LUMO
stabilization between 3 and 4, but rather a narrowing of the optical gap associated with
rigidification and extension of the π-conjugated polycyclic system.

Importantly, the electrochemical LUMO value of compound 4 lies in the range expected
for electron-accepting organic materials and is more stabilized than that previously reported
for the analogous alkylated benzodithienoquinolizinium platforms [31]. In the related
BPDTQ series, UV–Vis and voltammetric data were used to estimate LUMO levels and
energy band gaps consistent with N-type semiconductor behavior, with the tetradecyl
derivative identified as especially promising based on charge-transport calculations. In
the present case, the incorporation of nitro and cyano groups shifts the electrochemical
LUMO of the photocyclised scaffold to approximately −3.87 eV, placing it closer to the
range of classical fullerene-type acceptors [65]. Although differences in the experimental
conditions should be taken into account, this result is consistent with the stronger electron-
withdrawing character introduced by the nitro and cyano substituents and supports the
enhanced electron-accepting character of compound 4.

3.4. Theoretical Studies
3.4.1. Frontier Molecular Orbitals of Compound 4: Monomeric and π-Stacked Dimeric Models

The frontier molecular orbitals of the photocyclised benzothienoquinolizinium tetraflu-
oroborate 4 were analyzed for the monomeric salt and for two π-stacked dimeric models.
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The geometries of the monomer and dimers, including explicit BF4
− counterions, were

optimized in the gas phase at the M06-2X/6-311G(d) level. Frontier molecular orbital
energies were then estimated from single-point calculations at the B3LYP/6-311G(d) level
on the optimized geometries.

The explicit inclusion of BF4
− counterions provides a more realistic description of

the isolated molecular salt compared with previous calculations on related benzodithieno-
quinolizinium systems, which were performed mainly on the isolated cationic species. In
the present case, the frontier orbital distributions indicate that the BF4

− counterions do not
contribute significantly to either the HOMO or the LUMO (Figure 2). Therefore, their main
role in these models is associated with charge compensation and ion-pair geometry rather
than direct participation in the frontier electronic structure.

Figure 2. Frontier molecular orbital distributions in the gas phase of compound 4 calculated for the
monomeric and π-stacked dimeric models.

Two dimeric arrangements were considered: a face-to-face (FF) model and a face-to-tail
(FT) model, selected as representative π-stacked motifs previously considered for related
cationic polycyclic heteroaromatic salts. The HOMO and LUMO are mainly localized on the
fused benzothienoquinolizinium π-system and the electron-withdrawing aryl substituents,
with no significant contribution from the tetradecyl alkyl chain (Figure 2). Thus, both the
alkyl chain and BF4

− counterions behave as electronically passive fragments in the frontier
molecular orbital description, while the cationic π-core and the nitro/cyano substituents
govern the acceptor character of compound 4.

As summarized in Table 2, the monomer presents calculated HOMO and LUMO
energies of −6.85 eV and −3.36 eV, respectively, with an energy gap of 3.49 eV. Upon
dimer formation, the LUMO is further stabilized, particularly in the FF arrangement. The
FF dimer shows the lowest LUMO energy (−3.99 eV) and the smallest calculated gap
(3.00 eV), whereas the FT dimer gives intermediate values, with a LUMO of −3.86 eV and
a gap of 3.23 eV. This behavior indicates that π-stacking modulates the frontier electronic
structure of compound 4. In particular, the stronger LUMO stabilization observed for
the FF dimer suggests a greater electron-accepting tendency in this stacked arrangement,
while the decrease in the HOMO–LUMO gap reflects enhanced intermolecular electronic
communication between the π-conjugated cationic cores.

Although the calculated energy gaps should not be directly compared with the experi-
mental optical band gap, the relative decrease observed for the dimeric models supports
the relevance of supramolecular organization in modulating the electronic properties of
compound 4.
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Table 2. Frontier molecular orbital energies calculated in the gas phase for compound 4 and its
π-stacked dimers.

System HOMO/eV LUMO/eV HOMO–LUMO Gap/eV

Monomer 4 −6.85 −3.36 3.49
Dimer 4-FF −7.00 −3.99 3.00
Dimer 4-FT −7.09 −3.86 3.23

3.4.2. TD-DFT Absorption Spectra of the Monomeric and Dimeric Models

The electronic absorption properties of compound 4 were further evaluated by TD-
DFT calculations in the gas phase. The simulated spectra were analyzed for the monomeric
model and for the two π-stacked dimeric arrangements, namely face-to-face (FF) and
face-to-tail (FT). Although the experimental UV–Vis spectrum was recorded in CH2Cl2,
the gas-phase TD-DFT calculations provide useful qualitative information on the elec-
tronic transitions responsible for the absorption profile and the effect of π-stacking on the
low-energy region.

For the monomer of 4, the calculated spectrum reproduces the intense transitions in
the UV region, mainly between approximately 320 and 350 nm, in reasonable qualitative
agreement with the experimental absorption profile (Figure 3). More importantly, the lowest
energy calculated transition with appreciable oscillator strength appears in the visible-near-
UV region, around 420 nm. This transition is the most relevant for the electronic excitation
analysis because it is the closest one to the experimental low energy absorption tail and to
the optical onset observed for compound 4. Therefore, this transition was selected for a
more detailed electron–hole and charge-transfer analysis.

Figure 3. Experimental UV–Vis absorption spectrum of compound 4 in CH2Cl2 compared with the
calculated TD-DFT vertical transitions of the monomeric model in the gas phase. The theoretical
oscillator strengths (f ) have been normalized to the maximum experimental absorbance to facilitate
direct comparison of the transition energies.

The calculated spectrum of the FF dimer shows a noticeable red shift of the low energy
transitions compared with the monomer. In particular, transitions appear in the visible
region, around 450–470 nm (Figure S13), consistent with the previously observed reduction
of the HOMO–LUMO gap for this π-stacked arrangement. This behavior suggests that
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face-to-face aggregation can generate lower-energy excited states through intermolecular
electronic coupling between the stacked cationic π-cores.

A similar but less pronounced behavior is observed for the FT dimer, which also
displays low-energy transitions in the visible region near 450–460 nm (Figure S15). How-
ever, the most intense transitions remain located in the UV region. This indicates that
both dimeric arrangements can contribute to the red-shifted absorption region, but the
FF arrangement appears to promote stronger low-energy electronic communication, in
agreement with the frontier orbital analysis.

Overall, the TD-DFT results suggest that the experimental absorption tail of com-
pound 4 may arise not only from the intrinsic low-energy transition of the monomeric
benzothienoquinolizinium cation, but also from possible contributions of π-stacked aggre-
gates. This interpretation is consistent with the known tendency of related planar cationic
polycyclic aromatic systems to form π-stacked assemblies [32]. Therefore, the monomeric
low-energy transition around 418 nm was used as the main transition for the subsequent
excitation analysis, while the dimeric calculations support the possible role of aggregation
in extending the absorption toward the visible region [31,32]. Based on this analysis, the
lowest energy monomeric transition with appreciable oscillator strength was selected for
the electron excitation analysis, since it is the transition most directly associated with the
low energy absorption response of compound 4. Additional TD-DFT calculations were
performed using CAM-B3LYP-D3/6-311G(d) with the SMD continuum model for acetoni-
trile to evaluate the sensitivity of the excited-state assignments to long-range exchange and
solvent polarization. As expected, the long-range-corrected functional produced a blue
shift (Figures S12, S14 and S16) of the selected transitions and larger orbital energy gaps
compared with B3LYP (Table S3). Therefore, the CAM-B3LYP results were not used for
direct quantitative comparison with the electrochemical energy levels.

3.4.3. Electron Excitation Analysis

To further understand the nature of the low-energy electronic transitions of compound
4, electron excitation analyses were performed using Multiwfn [45,46,61]. The analysis
was focused on the most relevant visible transitions (f > 0) obtained from the TD-DFT
spectra of the monomer and the two π-stacked dimeric models in the gas phase (Figure 4).
In the monomer, the lowest-energy transition appears at approximately 418 nm and was
previously identified as the most relevant transition for the optical response of the nitro- and
cyano-functionalized benzothienoquinolizinium salt. This transition presents a dominant
local excitation character, although with a non-negligible charge-transfer contribution.

For the monomer, the S0 → S1 transition displays 77.6% local excitation (LE) and
22.4% charge-transfer (CT) character in Table 3. Although the excitation is predominantly
localized, the calculated ∆r value of 2.11 Å indicates a significant spatial displacement
between the hole and electron distributions. This value is relevant because ∆r values above
approximately 2 Å [66] are commonly interpreted as evidence of charge-transfer character.
Therefore, the monomeric transition can be described as a mixed LE/CT excitation, mainly
localized on the fused benzothienoquinolizinium scaffold but involving electron-density
displacement toward the nitro- and cyano-substituted acceptor regions.

The dimeric models show a clear increase in CT character in Table 3. In the face-
to-face dimer, the selected S0 → S2 and S0 → S3 transitions display CT contributions of
51.6% and 53.8%, respectively. These values are substantially higher than that observed
for the monomer, indicating that π-stacking promotes stronger intermolecular charge
redistribution. This is also supported by the ∆r values of 3.57 Å and 2.45 Å, which are
both above the 2 Å threshold and therefore consistent with charge-transfer transitions.
The S0 → S2 transition of the FF dimer is especially relevant because it combines the
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largest ∆r value with the lowest calculated exciton binding energy, expressed by the
electron–hole Coulomb attraction energy (Ecoulomb = 2.68 eV). This result indicates a more
spatially separated electron–hole pair and weaker electron–hole binding compared with
the monomer.

Figure 4. Hole (blue) and electron (green) distribution maps for the selected low-energy transitions
of compound 4 and its π-stacked dimeric models calculated in the gas phase.

Table 3. Electron excitation descriptors for the selected low-energy transitions of compound 4 and its
π-stacked dimers in the gas phase.

Molecules Transition λ/nm (∆r/Å) (Ecoulomb/eV) LE/% CT/%

Monomer 4 S0 → S1 418.3 2.11 3.48 77.6 22.4
Dimer 4-FF S0 → S2 465.4 3.57 2.69 48.4 51.6
Dimer 4-FF S0 → S3 453.3 2.45 2.99 46.3 53.7
Dimer 4-FT S0 → S2 454.1 0.027 2.85 50.0 50.0
Dimer 4-FT S0 → S4 449.8 0.027 2.83 48.9 51.1

By contrast, the face-to-tail dimer also shows approximately balanced LE/CT percent-
ages, with CT values close to 50%. However, the ∆r values are very small, approximately
0.027 Å, indicating that the global centroids of the hole and electron distributions remain
nearly coincident. This means that although the electronic redistribution has a CT character
according to the fragment-based analysis, the opposite orientations of the two stacked
molecules likely produces a partial cancellation of the net charge displacement. Therefore,
the FT transitions should not be interpreted as long-range directional CT transitions. Rather,
they correspond to more symmetric or compensated electronic redistributions within the
dimeric arrangement.

The Ecoulomb values also support the effect of aggregation on the excited-state character.
The monomer shows the highest calculated Coulombic attraction energy (3.48 eV), consis-
tent with a more localized excitation and stronger electron–hole interaction. In contrast,
the dimeric models show lower values, ranging from 2.68 to 3.00 eV for the FF dimer and
around 2.83–2.85 eV for the FT dimer. The reduction of Ecoulomb upon dimer formation
suggests that π-stacking decreases the electron–hole attraction, most likely due to increased
spatial delocalization and intermolecular electronic coupling. This effect is particularly
important for organic semiconductor candidates, since lower exciton binding can favor
charge separation in donor–acceptor environments.

https://doi.org/10.3390/cryst16090575

https://doi.org/10.3390/cryst16090575


Crystals 2026, 16, 575 14 of 22

Overall, 4 exhibits a mixed LE/CT transition in the visible region, while π-stacked
dimers, especially the FF arrangement, enhance CT character and reduce the Coulombic at-
traction between the hole and electron distributions. These results support the relevance of
molecular aggregation in modulating the excited-state properties of this benzothienoquino-
lizinium tetrafluoroborate and reinforce its potential as an electron-accepting π-conjugated
material. Additional CAM-B3LYP-D3/6-311G(d)/SMD(CH3CN) calculations did not signif-
icantly alter the hole and electron density distributions (Figure S17). Although the absolute
excitation energies are method dependent, the same qualitative trend was preserved: the
π-stacked dimers retain enhanced CT character relative to the monomer and exhibit lower
electron–hole Coulomb attraction energies (Table S3). These results further support the
conclusion that π-stacking can modulate the excited-state character of compound 4.

3.4.4. Charge-Transport Parameters from Marcus Theory

Charge-transport parameters were estimated for the two π-stacked dimeric models of
compound 4 using the Marcus formalism [31,47–56]. All transport descriptors, including
electronic couplings, reorganization energies, charge-transfer rate constants, and relative
mobilities, were obtained from the M06-2X/6-311G(d) optimized geometries of the face-
to-face (FF) and face-to-tail (FT) dimers. This analysis was performed to evaluate how the
relative molecular orientation affects the electron- and hole-transport tendencies of the
photocyclised benzothienoquinolizinium salt.

The electron-transfer rate constants were estimated according to Equation (5):

kET = t2

ℏ

(
π

λkBT

)1/2
exp

(
− λ

4kBT

)
(5)

where t is the electronic coupling, λ is the reorganization energy, kB is the Boltzmann
constant, T is the temperature, and ℏ is the reduced Planck constant. Relative charge-
carrier mobilities were then estimated from the corresponding charge-transfer rates and
intermolecular distances.

After the charge-transfer rate constants were obtained, the relative charge-carrier mo-
bilities were estimated using the Einstein relation for a one-dimensional hopping process:

µ =
eD
kBT

=
el2

kBT
kET (6)

where (e) is the elementary charge, (D) is the diffusion coefficient, (l) is the intermolecular
hopping distance between adjacent monomeric units, and (kET) is the charge-transfer rate
constant obtained from Marcus theory. The calculated mobility values obtained from
Equation (6) should therefore be considered comparative descriptors of electron and hole
transport tendencies within the FF and FT dimeric arrangements, rather than absolute
device mobilities.

The calculated parameters are summarized in Table 4. For the face-to-face (FF) dimer,
the electron reorganization energy λe is lower than the hole reorganization energy λh

(0.458 eV vs. 0.586 eV), which favors electron transport from an energetic relaxation per-
spective. Although the hole electronic coupling th is larger than te, the resulting elec-
tron and hole transfer rates are of the same order of magnitude. Consequently, the
calculated mobilities are relatively balanced, with µe = 9.00 × 10−2 cm2 V−1 s−1 and
µh = 7.66 × 10−2 cm2 V−1 s−1. This indicates an almost ambipolar behavior for the FF
arrangement, with a slight preference for electron transport.
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Table 4. Charge-transport parameters calculated in the gas phase for the π-stacked dimeric models
of compound 4 using Marcus theory. The FF and FT dimer geometries were optimized at the M06-
2X/6-311G(d) level. The calculations were performed at T = 298.15 K using the intermolecular
hopping distances obtained from the optimized FF (3.30 × 10−8 cm) and FT (3.36 × 10−8 cm)
dimer geometries.

Dimer te/Ev λe/eV ke
ET/s−1 µe/cm2 V−1 s−1 th/eV λh/eV kh

ET/s−1 µh/cm2 V−1 s−1

Dimer FF 0.086 0.458 2.12× 1012 9.00 × 10−2 0.157 0.586 1.80× 1012 7.66 × 10−2

Dimer FT 0.003 0.590 5.72 × 108 2.51 × 10−5 0.014 0.330 2.17× 1011 9.53 × 10−3

In contrast, the face-to-tail (FT) dimer shows a markedly different behavior in Table 4.
The electron coupling te decreases drastically to 0.003 eV, while the electron reorganization
energy increases to 0.590 eV. As a result, the calculated electron-transfer rate and mobility
decrease significantly, giving µe = 2.51 × 10−5 cm2 V−1 s−1. For holes, the lower reorgani-
zation energy λh = 0.330 eV and larger coupling th = 0.014 eV lead to a much higher hole
mobility of µh = 9.53 × 10−3 cm2 V−1 s−1. Thus, the FT arrangement is predicted to favor
hole transport rather than electron transport.

These results show that the charge-transport behavior of compound 4 is highly sen-
sitive to the supramolecular arrangement. The FF packing model is the most favorable
for electron transport and gives nearly balanced electron/hole mobilities, whereas the
FT model leads to a predominantly hole-transporting pathway. Therefore, the potential
N-type character of compound 4 should be mainly associated with its low-lying electro-
chemical LUMO and electron-deficient nitro/cyano-functionalized cationic framework,
while its actual charge-transport polarity is expected to depend strongly on the solid-
state packing motif. This reinforces the importance of future thin-film or crystallographic
studies to determine the preferred packing arrangement and validate its semiconductor
behavior experimentally.

Theoretical calculations suggest that while the molecule is designed as an acceptor, its
charge-transport character may be highly packing-dependent.

3.4.5. Donor–Acceptor Interaction with Hexaphenyl-Substituted Hexabenzocoronene

To explore the potential compatibility of compound 4 with discotic donor materials, a
preliminary donor–acceptor model was constructed using hexaphenyl-substituted hexaben-
zocoronene (HBC-PhC12) as a representative π-discotic donor. This model was inspired by
previous reports on HBC-PhC12/perylene photovoltaic systems, in which self-organized
discotic donor–acceptor blends exhibited efficient photoinduced charge transfer and trans-
port via segregated π-stacked domains [67–69]. In these systems, HBC derivatives act
mainly as hole-transporting discotic donors, while electron-deficient aromatic compounds
serve as acceptor components [44,46,53,55].

The isolated HBC-PhC12 donor, compound 4, and the HBC-PhC12···4 donor–acceptor
complex were optimized at the M06-2X/6-31G(d,p) level. Single-point calculations were
then performed at the B3LYP/6-311G(d) level on the optimized geometries to analyze
the frontier molecular orbitals and donor–acceptor alignment. The calculated orbital
distribution of the HBC-PhC12···4 complex shows that the HOMO is mainly localized on
the HBC-PhC12 donor at the bottom, whereas the LUMO is localized on the nitro- and cyano-
functionalized, tetradecyl-substituted benzothienoquinolizinium tetrafluoroborate acceptor
4 at the top (Figure 5). This HOMO-on-donor/LUMO-on-acceptor distribution is consistent
with a type-II-like donor–acceptor orbital alignment and suggests that photoinduced charge
transfer from HBC to compound 4 may be energetically feasible.

https://doi.org/10.3390/cryst16090575

https://doi.org/10.3390/cryst16090575


Crystals 2026, 16, 575 16 of 22

Figure 5. Frontier molecular orbital distributions of the HBC-PhC12···4 donor–acceptor complex
obtained from single point B3LYP/6-311G(d) calculations on the M06-2X/6-31G(d,p)-optimized
geometry in the gas phase.

The calculated gas-phase HOMO level of HBC-PhC12 was −5.29 eV, in close agreement
with the literature HOMO value of −5.25 eV reported for HBC-PhC12 from thin film cyclic
voltammetry [67]. This agreement supports the use of the calculated donor level as a
qualitative reference for the HBC-PhC12···4 donor–acceptor model. For compound 4, the
calculated gas-phase LUMO was −3.36 eV, whereas the electrochemically estimated LUMO
level in acetonitrile was −3.87 eV. Although these values (Table 5) should not be considered
directly equivalent, together they support the electron-deficient character of compound 4
and its qualitative energetic compatibility with HBC-PhC12-type donors.

Table 5. Frontier energy levels used to evaluate the qualitative donor–acceptor alignment between
HBC-PhC12 and compound 4.

Energy Level Value/eV Source/Approach

HOMO of HBC-PhC12 −5.29 B3LYP/6-311G(d), gas phase, this work
HOMO of HBC-PhC12 −5.25 Literature, thin-film CV [67]
LUMO of compound 4 −3.36 B3LYP/6-311G(d), gas phase, this work
LUMO of compound 4 −3.87 Experimental CV in CH3CN, this work

Note: The energy levels are used only as approximate descriptors of donor–acceptor energetic
compatibility. Gas phase Kohn–Sham orbital energies and electrochemically derived frontier levels
are not directly equivalent quantities. The literature HOMO level of HBC-PhC12 was obtained from
thin film cyclic voltammetry, whereas the LUMO level of compound 4 was estimated from cyclic
voltammetry in acetonitrile. Therefore, these values should not be interpreted as directly comparable
device parameters or as predicted photovoltaic performance.

The electron excitation analysis of the HBC-PhC12···4 complex was performed for
the HOMO→LUMO transition [45,46,56,61]. In Table 6, this transition appears at 1.67 eV,
corresponding to approximately 744 nm, and displays a strong intermolecular charge-
transfer character. The electron–hole separation descriptor ∆r is 3.96 Å, indicating a clear
spatial displacement between the hole and electron distributions. The hole is mainly
localized on the HBC-PhC12 donor at the bottom, whereas the electron is transferred
toward the benzothienoquinolizinium acceptor 4 at the top (Figure 6). This interpretation
is consistent with the fragment analysis, which gives a dominant CT contribution of
approximately 97.8% and only 2.2% local excitation character.

The electron–hole Coulomb attraction energy is 2.26 eV, lower than that obtained for
the isolated monomeric acceptor transition discussed above. This decrease is consistent with
a more spatially separated electron–hole pair in the HBC-PhC12···4 complex. In other words,
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the donor–acceptor interaction not only produces a HOMO-on-HBC-PhC12/LUMO-on-
acceptor orbital distribution, but also generates an excited state with strong intermolecular
CT character, significant electron–hole separation, and reduced Coulombic attraction.
These features support the potential role of compound 4 as an electron-accepting partner in
discotic donor–acceptor assemblies.

Table 6. Electron excitation descriptors for the selected S0 → S1 transition of the HBC-PhC12···4
donor–acceptor complex in the gas phase.

Model Transition λ/nm (∆r/Å) (Ecoulomb/eV) LE/% CT/%

HBC-PhC12···4 S0 → S1 744.06 3.96 2.26 2.20 97.8

Figure 6. Hole and electron distribution maps for the selected HOMO→LUMO transition of the
HBC-PhC12···4 complex calculated in the gas phase. The hole distribution map is shown in blue and
the electron distribution map in green.

To evaluate the robustness of this charge-transfer assignment, an additional TD-
DFT calculation was performed for the HBC-PhC12···4 complex at the CAM-B3LYP-D3/6-
311G(d) level using the SMD continuum model for acetonitrile. As expected for a long-
range-corrected functional, the selected transition was blue shifted relative to the B3LYP
result (Table S4). However, the qualitative excited-state description was preserved: the
transition retained a dominant intermolecular CT character, with a CT contribution of
96.8%, a low LE contribution of 3.2%, and a reduced electron–hole Coulomb attraction
energy of 2.21 eV. The corresponding data are provided in Table S4. These results reinforce
the robustness of the qualitative donor–acceptor CT assignment for the HBC-PhC12···4
complex. The CAM-B3LYP-D3/6-311G(d)/SMD(CH3CN) calculation also preserved the
qualitative donor–acceptor electronic picture of the HBC-PhC12···4 complex. The frontier
orbital distributions remained similar, with the HOMO mainly localized on HBC-PhC12

and the LUMO on compound 4 (Figure S18). The corresponding hole/electron distribution
maps also retained the same spatial separation, with hole on the donor and electron on the
acceptor (Figure S19). This supports the soundness of the intermolecular CT assignment
under solvent polarized conditions.

4. Conclusions
In this work, a nitro- and cyano-functionalized benzothienoquinolizinium tetraflu-

oroborate was synthesized by oxidative photocyclisation of a pyridinium precursor and
evaluated as a potential small molecule organic semiconductor. To ensure consistency with
the electrochemical analysis, the UV–Vis spectra were recorded in acetonitrile, the same
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solvent used for cyclic voltammetry. Photocyclisation produced a marked red shift in the
absorption profile and reduced the optical band gap from 3.19 eV for precursor 3 to 2.61 eV
for the fused benzothienoquinolizinium salt 4. Cyclic voltammetry revealed a stabilized
electrochemical LUMO level of approximately −3.87 eV for compound 4, supporting the
electron deficient character of the photocyclised scaffold.

Theoretical calculations showed that the frontier molecular orbitals are localized
mainly on the fused cationic π-system and the nitro/cyano substituted aryl fragments,
with negligible contribution from the tetradecyl chain and BF4

− counterion. TD-DFT and
electron excitation analyses indicated that the low-energy transition of monomeric salt
4 has mixed local/charge-transfer character, whereas the π-stacked dimers, particularly
the face to face arrangement, exhibit enhanced CT character and reduced electron–hole
Coulombic attraction. Additional CAM-B3LYP-D3/SMD(CH3CN) calculations, included
in the Supporting Information, confirmed that these qualitative trends are preserved upon
inclusion of long-range exchange and solvent polarization, although the absolute transition
energies are method dependent. Marcus type charge transport calculations further showed
that the FF dimer exhibits nearly ambipolar transport with a slight electron preference,
while the FT dimer favors hole transport.

In addition, a donor–acceptor model with HBC-PhC12 was evaluated to explore the
compatibility of compound 4 with discotic donor materials. The HBC-PhC12···4 complex
showed a HOMO localized mainly on the HBC-PhC12 donor and a LUMO localized mainly
on the benzothienoquinolizinium acceptor, consistent with a donor–acceptor orbital ar-
rangement favorable for intermolecular charge transfer. The donor–acceptor comparison
was discussed in terms of qualitative frontier energy level alignment, using the calculated
and literature HOMO levels of HBC-PhC12 together with the calculated and electrochem-
ically estimated LUMO levels of compound 4. This analysis supports the qualitative
energetic compatibility between HBC-PhC12 and compound 4, without implying direct
prediction of photovoltaic device performance. Electron excitation analysis of the HBC-
PhC12···4 complex also revealed strong intermolecular CT character, significant electron–
hole separation, and reduced Coulombic attraction; this assignment was further supported
by CAM-B3LYP-D3/SMD(CH3CN) calculations provided in the Supporting Information.

Overall, these results indicate that compound 4 is an electron-deficient cationic π-
conjugated scaffold with promising features for N-type organic semiconductor design.
Its low lying electrochemical LUMO, visible region absorption, CT active excited states,
and qualitative energetic compatibility with HBC-PhC12 support its potential as an accep-
tor component in future organic optoelectronic materials. However, the effective charge-
transport polarity and photovoltaic relevance of this system are expected to depend strongly
on molecular packing, thin film organization, and donor–acceptor morphology. Future
studies should therefore focus on evaluating the solid-state organization, thin film mor-
phology, and donor–acceptor assembly behavior of compound 4 in order to clarify how
supramolecular arrangement affects charge transport and optoelectronic response.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/cryst16090575/s1, Figure S1: 1H NMR spectrum of pyridinium
salt precursor 3; Figure S2: 13C NMR spectrum of pyridinium salt precursor 3; Figure S3: DSC ther-
mogram of compound 3; Figure S4: 1H NMR spectrum of photocyclised benzothienoquinolizinium
tetrafluoroborate 4; Figure S5: 13C NMR spectrum of photocyclised benzothienoquinolizinium
tetrafluoroborate 4; Figure S6: DSC thermogram of compound 4; Figure S7: cyclic voltammogram
of the blank supporting-electrolyte solution; Figure S8: cyclic voltammogram of the Fc/Fc+ redox
couple; Figure S9: cyclic voltammogram of pyridinium salt precursor 3; Figure S10: cyclic voltam-
mogram of compound 4; Table S1: BSSE-corrected interaction energies for representative FF and
FT π-stacked arrangements of the parent BTQ scaffold; Figure S11: selected FF and FT π-stacked
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arrangements from the BF4
− counterion conformational screening; Table S2: frontier molecular

orbital energies calculated at the CAM-B3LYP-D3/6-311G(d)/SMD(CH3CN) level; Figures S12–S16:
simulated TD-DFT absorption spectra of compound 4 and its FF and FT π-stacked dimers (gas phase
and SMD(CH3CN)); Table S3: electron excitation descriptors for compound 4 and its π-stacked
dimers calculated at the CAM-B3LYP-D3/6-311G(d)/SMD(CH3CN) level; Figure S17: hole and
electron distribution maps for compound 4 and its π-stacked dimeric models calculated at the CAM-
B3LYP-D3/6-311G(d)/SMD(CH3CN) level; Figure S18: frontier molecular orbital distributions of
the HBC-PhC12···4 donor–acceptor complex; Table S4: electron excitation descriptors for the HBC-
PhC12···4 donor–acceptor complex calculated at the CAM-B3LYP-D3/6-311G(d)/SMD(CH3CN) level;
Figure S19: hole and electron distribution maps for the HBC-PhC12···4 donor–acceptor complex.

Author Contributions: Conceptualization, A.A. and K.W.-A.; methodology, A.A., K.P. and K.W.-A.;
software, A.A. and K.W.-A.; validation, A.A., F.A.A. and K.W.-A.; formal analysis, A.A. and K.W.-A.;
investigation, A.A., K.P., D.V., I.C., J.G., C.Z. and S.E.; resources, A.A. and F.A.A.; data curation, A.A.,
K.P., D.V., I.C., J.G., C.Z. and S.E.; writing—original draft preparation. A.A.; writing—review and
editing, A.A., K.W.-A. and F.A.A.; visualization, A.A., K.W.-A. and D.V.; supervision, A.A., K.P. and
F.A.A.; project administration, A.A.; funding acquisition, A.A. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by ANID, Chile, FONDECYT de Iniciacion 11220544. The APC
was funded by Vicerrectoría de Investigación de Universidad de Las Américas.

Data Availability Statement: The original contributions presented in this study are included in the
article/Supplementary Material. Further inquiries can be directed to the corresponding author.

Acknowledgments: This research was supported by the Fondo Nacional de Desarrollo Científico y
Tecnológico (FONDECYT), project number 11220544 (A.A.). K.W.-A. acknowledges support from
FONDECYT project number 11250831. S.E. acknowledges support from FONDECYT project number
1230872. This research was partially supported by the supercomputing infrastructure of the NLHPC
(ECM-02). The support of the high-performance computing system of PIDi-UTEM (SCC-PIDi-UTEM
CONICYT-FONDEQUIP EQM180180) is gratefully acknowledged. During the preparation of this
manuscript, the authors used OpenAI ChatGPT (GPT-5.5 Thinking) for language polishing, grammar
correction, and editorial refinement. The tool was not used to generate experimental data, perform
calculations, interpret results, or draw scientific conclusions.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Köhler, A.; Bässler, H. Electronic Processes in Organic Semiconductors; Wiley-VCH: Weinheim, Germany, 2015. [CrossRef]
2. Alcácer, L. Organic semiconductors for organic electronics. In The Physics of Organic Electronics; Chapter 7; IOP Publishing: Bristol,

UK, 2022. [CrossRef]
3. Köhler, A.; Bässler, H. The electronic structure of organic semiconductors. In Electronic Processes in Organic Semiconductors: An

Introduction; Wiley-VCH: Weinheim, Germany, 2015; pp. 1–86. [CrossRef]
4. Bi, P.; Ren, J.; Zhang, S.; Wang, J.; Hou, J. PTV-based p-type organic semiconductors: Candidates for low-cost photovoltaic donors

with simple synthetic routes. Polymer 2020, 209, 122900. [CrossRef]
5. Okamoto, T.; Yu, C.P.; Mitsui, C.; Yamagishi, M.; Ishii, H.; Takeya, J. Bent-shaped p-type small-molecule organic semiconductors:

A molecular design strategy for next-generation practical applications. J. Am. Chem. Soc. 2020, 142, 9083–9096. [CrossRef]
[PubMed]

6. Mumyatov, A.V.; Troshin, P.A. A review on fullerene derivatives with reduced electron affinity as acceptor materials for organic
solar cells. Energies 2023, 16, 1924. [CrossRef]

7. Chen, J.; Chen, Y.; Feng, L.-W.; Gu, C.; Li, G.; Su, N.; Wang, G.; Swick, S.M.; Huang, W.; Guo, X.; et al. Hole (donor) and electron
(acceptor) transporting organic semiconductors for bulk-heterojunction solar cells. EnergyChem 2020, 2, 100042. [CrossRef]

8. Li, X.; Kong, X.; Sun, G.; Li, Y. Organic small-molecule acceptor materials for organic solar cells. eScience 2023, 3, 100171. [CrossRef]
9. Speller, E.M.; Clarke, A.J.; Luke, J.; Lee, H.K.H.; Durrant, J.R.; Li, N.; Wang, T.; Wong, H.C.; Kim, J.-S.; Tsoi, W.C.; et al. From

fullerene acceptors to non-fullerene acceptors: Prospects and challenges in the stability of organic solar cells. J. Mater. Chem. A.
2019, 7, 23361–23377. [CrossRef]

https://doi.org/10.3390/cryst16090575

https://doi.org/10.1002/9783527685172
https://doi.org/10.1088/978-0-7503-3347-4ch7
https://doi.org/10.1002/9783527685172.ch1
https://doi.org/10.1016/j.polymer.2020.122900
https://doi.org/10.1021/jacs.9b10450
https://www.ncbi.nlm.nih.gov/pubmed/32293879
https://doi.org/10.3390/en16041924
https://doi.org/10.1016/j.enchem.2020.100042
https://doi.org/10.1016/j.esci.2023.100171
https://doi.org/10.1039/C9TA05235F
https://doi.org/10.3390/cryst16090575


Crystals 2026, 16, 575 20 of 22

10. Ike, J.N.; Mola, G.T.; Taziwa, R.T. Review on indacenodithiophene (IDT)- and perylene diimide (PDI)-based non-fullerene
acceptors in organic solar cells: Progress and challenges. Chem. Afr. 2025, 8, 2687–2705. [CrossRef]

11. Li, Q.; Zhang, Y.; Xie, Z.; Zhen, Y.; Hu, W.; Dong, H. Polycyclic aromatic hydrocarbon-based organic semiconductors: Ring-closing
synthesis and optoelectronic properties. J. Mater. Chem. C 2022, 10, 2411–2430. [CrossRef]
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