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Abstract

We report a m-extended N-phenylphenothiazine dye bearing thiophene substituents, de-
signed to address the practical compromise between long-wavelength near-infrared (NIR)
absorption and the isolability of a stable radical cation state. The target compound was
synthesized via Suzuki-Miyaura cross-coupling and exhibited good solubility in common
organic solvents. Cyclic voltammetry in dichloromethane showed a reversible one-electron
oxidation at E® = 0.19 V vs. Fc/Fc*. Chemical oxidation afforded the corresponding radical
cation, which showed an intense NIR absorption maximum at 910 nm. DFT calculations
support thiophene-induced narrowing of the HOMO-SOMO gap and predict a pronounced
bathochromic shift of the main absorption band. The radical cation was isolated as a sta-
ble PF¢~ salt and readily processed into spin-coated films, which retained strong NIR
absorption and remained stable for months under ambient conditions.

Keywords: N-phenylphenothiazine; radical cation; thiophene substitution; near-infrared
absorption; stability in solid state

1. Introduction

Near-infrared (NIR; ~750-2500 nm)-absorbing organic dyes [1] constitute an im-
portant class of functional materials for bioimaging [2,3], telecommunications [4,5],
photodetectors [6], and dye-sensitized solar cells [7]. Their ability to interact selectively
with low-energy light makes them particularly attractive for applications that require optical
responses beyond the visible region. They have also attracted increasing interest as compo-
nents of smart window coatings [8,9] that combine visible transparency with NIR-selective
heat management. In such applications, selective attenuation of NIR light is important be-
cause it can reduce solar heat gain while maintaining acceptable visible light transmission.
Relative to inorganic absorbers [10,11], organic dyes are lightweight, offer broad structural
tunability, and are compatible with solution processing [12]. These advantages allow their
molecular properties to be adjusted through synthetic design and make organic systems
attractive candidates for flexible and coating-based optical materials. These features are
advantageous for large-area and potentially low-cost fabrication [13]. Despite significant
advances in the synthesis, photophysics, and material integration of organic NIR dyes [14],
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the development of organic dyes that exhibit strong and persistent absorption at longer
NIR wavelengths remains challenging. This challenge becomes even more significant when
practical requirements such as solubility, processability, and environmental stability must
also be satisfied. Conventional closed-shell chromophores, including porphyrins [15,16],
phthalocyanines [17], and extended acene-type systems [18], typically rely on m-extension
to narrow the HOMO-LUMO gap and thereby shift absorption to longer wavelengths.
Although this strategy is effective from an electronic structure standpoint, it often requires
highly fused or extensively conjugated frameworks. However, increased planarity and
conjugation often compromise solubility and promote intermolecular aggregation [19,20],
while the associated syntheses tend to become increasingly demanding. Consequently,
simultaneously achieving long-wavelength absorption together with practical solubility
and stability remains a nontrivial molecular design problem. Open-shell triarylamine
radical cations provide an alternative design paradigm: they are readily accessed by mild
one-electron oxidation, and the resulting radicals can be sufficiently persistent under
appropriate conditions while retaining strong absorption in the visible region [21,22] In
these systems, HOMO-SOMO transitions intrinsically access lower excitation energies [23],
enabling intense NIR absorption without resorting to excessive m-extension [24]. In our
previous studies, we developed m-extended TPA derivatives 1-4 (Figure 1) [25,26]. Notably,
the radical cation of 1 exhibited an intense NIR band with an absorption maximum beyond
1000 nm, yet it lacked sufficient persistence to be isolated as a solid radical cation salt [25].
To address this limitation, we designed N-phenylphenothiazine (NPPT) derivatives 2—4;
their radical cations were stabilized to the extent that they could be isolated as solid salts
while retaining good solubility and solid-state thermal robustness [26]. This improved
isolability, however, was accompanied by a blue shift of the radical cation absorption
maxima, largely confining the NIR response to shorter wavelengths (typically 700-900 nm).
These findings underscore a practical trade-off between isolable radical cation stability and
long-wavelength NIR absorption within this molecular platform. Against this background,
we revisited the NPPT scaffold. NPPT can stabilize radical cations via spin delocalization
within the N-S framework [27], and its intrinsically nonplanar phenothiazine geometry
can suppress cofacial 7 stacking [28], thereby helping to preserve solubility. Moreover,
the N-phenyl unit offers a convenient site for peripheral substitution and m-extension,
enabling systematic modulation of the electronic structure (Figure 1) [29]. Here, we hy-
pothesized that replacing an aryl substituent with a thiophene unit (5) could mitigate the
abovementioned trade-off. Incorporation of thiophene is expected to enhance effective
electronic communication and donor characters, thereby narrowing the HOMO-SOMO gap
of the radical cation and promoting a red shift, while the sterically and conformationally
favorable NPPT framework may maintain persistence and solubility. In the present work,
we synthesized the thiophene-substituted derivative 5 and investigated its electrochem-
ical and spectroscopic properties, together with its film-state NIR absorption. Although
compounds with similar structures have been reported as hole-transporting materials
for perovskite solar cells [30], their application as near-infrared-absorbing materials has
not yet been investigated. We demonstrate that incorporation of thiophene affords an
isolable radical cation salt and induces a pronounced bathochromic shift of the radical
cation absorption while maintaining good solubility and solid-state robustness, and that
the NIR response is retained in spin-coated thin films. These results establish thiophene
substitution as a practical handle for designing solution-processable radical cation-based
dyes with long-wavelength NIR absorption.
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Figure 1. Structures of Compounds 1-5.

2. Results and Discussion
2.1. DFT Calculation

DFT calculations were performed to assess whether thiophene substitution can ratio-
nally shift the radical cation absorption to longer wavelengths. As shown in Figure 2, DFT
calculations at the (U)B3LYP/6-31+G(d,p) level with CPCM (dichloromethane) reveal that
thiophene substitution significantly modulates the frontier-orbital energies of the tripheny-
lamine radical cation. For the neutral molecules, a comparison of 2 and 5 indicates that
thiophene substitution slightly raises the HOMO energy and lowers the LUMO energy,
resulting in a smaller HOMO-LUMO gap for 5. TD-DFT calculations on the neutral 5 and
its radical cation indicate that oxidation converts a closed-shell UV-vis-absorbing molecule
into an open-shell species exhibiting a much lower-energy NIR transition. When Ar is
changed from phenyl (2°*) to 2-thienyl (5°*), the HOMO level is markedly destabilized
from —6.97 to —6.57 eV, whereas the SOMO level changes only slightly from —4.83 to
—4.76 eV. Consequently, the HOMO-SOMO gap decreases from 2.14 to 1.81 eV, indicating
that the lowest electronic transition associated with the HOMO to SOMO transition should
occur at a lower energy for the thiophene derivative. Overall, these calculations suggest that
incorporation of thiophene is an effective molecular design strategy to achieve bathochromi-
cally shifted NIR absorption in triphenylamine radical cations. These results prompted us
to prepare Compound 5 and investigate its electrochemical and spectroscopic properties.
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Figure 2. Comparison of the calculated HOMO and SOMO energy levels of triarylamines’ radical
cations 2** and 5°* at the UB3LYP/6-31+G(d,p) level of theory with the conductive polarizable
continuum model using dichloromethane as a solvent.
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2.2. Synthesis

Compound 5 was synthesized via Pd-catalyzed Suzuki-Miyaura cross-coupling of
3,7-dibromo-10-(4-bromophenyl)-10H-phenothiazine [31] with 2-thiophene boronic acids
(Scheme 1). This coupling step was designed to install thiophene units onto the NPPT frame-
work in a modular manner, thereby extending the m-conjugation of the target molecule.
The reaction proceeded smoothly under the selected coupling conditions to produce 5 with
an excellent isolated yield of 98.6%, indicating the high efficiency of this synthetic route for
constructing the thiophene-extended phenothiazine scaffold. After reaction and standard
purification, the product was obtained in analytically pure form, and its structure was
confirmed by spectroscopic methods. Full synthetic procedures and characterization data
are provided in the Supporting Information (SI).
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Br S Br 90°C, overnight

Scheme 1. Synthesis of Compound 5.
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2.3. Solubility

Solubility in common organic solvents is a critical factor for the practical use of NIR-
absorbing dyes in solution-processed devices [29]. Insufficient solubility can directly limit
not only solution handling during synthesis and purification, but also the preparation of
homogeneous samples for spectroscopic measurements and thin-film fabrication. This
issue is particularly important for long-wavelength-absorbing m-conjugated molecules,
because structural modifications aimed at red-shifting the absorption often enhance in-
termolecular interactions and aggregation, thereby reducing solvent compatibility. The
solubilities of 5 were evaluated by gradual addition of the solvent to solid samples at
room temperature, followed by sonication and visual inspection until complete dissolution
was achieved. The tested solvents included dichloromethane, anisole, toluene, and ethyl
acetate, which were selected as representative media that are relevant to routine synthetic
handling, spectroscopic measurements, and solution-processing applications. Although
this evaluation method is simple, it provides a practical measure of whether the material
can be handled under common laboratory and processing conditions. The results are
summarized in Table S1. Compound 5, which contains thiophene units, exhibited solubility
comparable with that of the previously reported aryl-substituted analogs 2—4. This result is
notable because m-extension is often accompanied by decreased solubility due to stronger
intermolecular 7— interactions. In the present case, however, introduction of the thiophene
units did not cause a marked loss of solution processability, indicating that the structural
modification used to improve the optical properties does not impose a major penalty on the
handling characteristics. Notably, good solubility was also retained in ethyl acetate, a green
solvent favorable for large-scale processing [32]. This point is significant from the viewpoint
of practical material development, because compatibility with a relatively environmen-
tally benign solvent broadens the potential utility of the compound in scalable coating
and casting processes. These results indicate that thiophene substitution, in addition to
extending the 7-conjugation, serves as an effective strategy to ensure sufficient solubility.
Thus, the thiophene units in 5 play a beneficial dual role, contributing not only to the
electronic structure required for long-wavelength absorption but also to the maintenance
of practically useful solubility. This dual role of the thiophene units is advantageous for
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developing radical cation dyes that combine long-wavelength absorption with solution
processability. The observed solubility is also consistent with the successful preparation of
homogeneous solutions for the following spectroscopic studies and supports the feasibility
of subsequent thin-film fabrication from a solution.

2.4. X-Ray Crystallographic Analysis

Single-crystal X-ray diffraction of 5 (100 K) revealed a triclinic crystal system in the
centrosymmetric space group P-1 (Figure 3 and Table S3). Notably, the phenothiazine
core is folded along the S-N axis, adopting a distinctly nonplanar “butterfly” geometry;
the angle between the mean planes of the two outer benzene rings is ~33°, clearly indi-
cating pronounced bending of the phenothiazine unit. In addition, the N-phenyl ring is
oriented nearly orthogonal to the phenothiazine framework (dihedral angle ~88°), giving
the molecule a three-dimensional shape rather than an extended planar 7-surface. The
peripheral thiophene substituents are conformationally flexible in the solid state and were
modeled as two-position disorders (major/minor occupancies: 0.923/0.077, 0.887/0.113,
and 0.657/0.343; see the details in the Supporting Information).

Figure 3. Molecular structure of 5 determined by single-crystal X-ray diffraction at 100 K. Thermal
ellipsoids are drawn at the 50% probability level. Only the major components of the disordered
thiophene substituents are shown.

2.5. Electrochemical Properties

The electrochemical behavior of 5 was investigated by cyclic voltammetry (CV) in
dichloromethane containing 0.1 M BuyNPF; as the supporting electrolyte (Figure 4). Elec-
trochemical analysis is particularly important for radical cation-based NIR dyes, because it
provides direct information on the accessibility, reversibility, and stability of the oxidized
states that are responsible for the characteristic long-wavelength absorption. In the present
study, CV was used to clarify whether 5 can undergo clean stepwise oxidation under condi-
tions relevant to spectroscopic and material investigations. A single reversible one-electron
oxidation process was observed at E? = 0.19 V vs. Fc/Fc*. The reversibility of this first
oxidation indicates that the initially generated oxidized species is sufficiently stable on the
voltammetric timescale and can be reduced back to the neutral form without substantial
decomposition. This behavior is consistent with the formation of a persistent radical cation
and is favorable for reliable redox control of the optical properties. Expanding the potential
window to 1.2 V revealed an additional oxidation process at approximately +0.95 V vs.
Fc/Fc*, which appeared to be quasi-reversible (Figure S1). The appearance of this second
oxidation at a significantly higher potential suggests that the first oxidation product is
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distinctly stabilized, while access to the more highly oxidized state requires substantially
stronger oxidation conditions. This second oxidation is attributed to further oxidation of
the radical cation to a dicationic species. The quasi-reversible nature of this higher-potential
process may reflect the lower stability of the dicationic state relative to the radical cation
under the present conditions. These results demonstrate that the compound undergoes a
clean, reversible one-electron oxidation to form a persistent radical cation, followed by a
higher-potential, quasi-reversible second oxidation. Overall, the electrochemical behavior
of 5 is well suited to the present molecular design concept, because it enables selective
generation of the radical cation as the key NIR-absorbing species while avoiding severe
instability during the first oxidation step. This redox profile also provides an important
basis for the subsequent spectroscopic characterization, chemical oxidation experiments,
and isolation of the radical cation salt described below.
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Figure 4. Cyclic voltammogram of 5 in CH,Cl; (0.1 M n-BuyNPF); potentials vs. Fc/Fc*.

2.6. Photophysical Properties

The UV-vis-NIR absorption behavior of 5 was examined in dichloromethane. Neutral
Compound 5 exhibited an absorption maximum at 360 nm in dichloromethane. Upon exci-
tation at 360 nm, the solution displayed fluorescence with an emission maximum at 472 nm.
Chemical oxidation with AgPFg has been reported for triphenylamine-based materials and
related triarylamine derivatives [33,34]. As shown in Figure S5, the addition of AgPFg to a
dichloromethane solution of 5 caused a distinct color change from yellow-green to pink,
consistent with formation of the radical cation. In line with this visual change, neutral
Compound 5 exhibits absorption only in the UV—-visible region, whereas oxidation with
AgPFq gives rise to marked spectral changes, including the appearance of an intense near-
infrared band (Figure 5). A comparison with the previously reported aryl-substituted NPPT
analogs 2—4 [26] shows that the thiophene substitution in 5 leads to a more pronounced
bathochromic shift of radical cation absorption. The extinction coefficient of neutral Com-
pound 5 is lower than that of 2, whereas those of the corresponding radical cations are
similar. This result suggests that thiophene substitution mainly induces a bathochromic
shift rather than a marked change in the intensity of radical cation absorption. To further
confirm the stoichiometric formation of 5**, an oxidation titration was performed by incre-
mental addition of AgPF4 (Figure S6). The NIR band assigned to 5°* grew systematically
with increasing oxidant loading and reached a steady spectral shape at higher equivalents,
consistent with quantitative formation of a single oxidized species. The persistence of 5°*
in solution was then evaluated by time-dependent UV-vis-NIR spectroscopy (Figure 6).
After in situ oxidation of 5 with AgPF;, the spectral profile of 5°* remained essentially
unchanged over the monitoring period, with no appreciable loss of the characteristic NIR
band, indicating sufficient stability on the experimental timescale for reliable solution-phase
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characterization. The electronic origin of the NIR absorption was assessed by comparison
with TD-DFT calculations (Figure S7). The calculated low-energy transitions reproduce
the observed long-wavelength absorption of 5°* in both position and relative intensity,
supporting assignment of the NIR band to an electronic transition characteristic of the
triarylamine radical cation manifold. ESR spectroscopy (Figure 516) showed an organic
radical signal with g = 2.004, confirming the open-shell character of the oxidized species.
Because the spin distribution of triarylaminium radical ions is not generally assigned from
the g value alone, it was assessed mainly by DFT spin density analysis, in conjunction
with a comparison with the related literature reports [35]. The analysis indicates that
the unpaired electron is delocalized over the triarylamine framework, with a significant
contribution from the nitrogen atom. Overall, the combined experimental and theoretical
results support a delocalized open-shell electronic structure for 5°*, in which the oxidized
ni-system extends over the NPPT core and the thiophene substituents (Figure S3). This
result is particularly significant because it demonstrates that access to the NIR region does
not necessarily require a highly elaborate or excessively enlarged molecular architecture.
In the development of organic NIR chromophores, deep bathochromic shifts are often
achieved by introducing very long m-conjugated backbones, multiple fused aromatic units,
or complicated donor-acceptor arrangements. Although such approaches can be effective
for extending absorption to longer wavelengths, they frequently increase synthetic com-
plexity, reduce overall yield, complicate purification, and impair solubility or processability.
As a consequence, there is often a substantial gap between achieving attractive optical
properties and obtaining a molecular material that can actually be prepared, handled, and
processed in a practical manner. In contrast, the present study shows that a relatively
simple NPPT-based framework, modified only by peripheral thiophene substitution and
subsequent one-electron oxidation, is sufficient to generate a well-defined radical cation
with intense NIR absorption. This simplicity is advantageous because it improves synthetic
accessibility, facilitates structural verification and reproducibility, and makes the design
concept easier to generalize to related derivatives. From a molecular design perspective,
the present system provides an instructive example showing that efficient NIR absorption
can emerge not only from drastic structural expansion, but also from a balanced combi-
nation of moderate 7-extension and effective spin/charge delocalization in the oxidized
state. Such a design principle is valuable for the future development of practical radical
cation dyes, where optical performance must be achieved together with ease of synthesis,
solution processability, and material robustness. The chemical reversibility of the redox
process was verified by a forward-back conversion experiment (Figure 510): oxidation of
5 with AgPFg afforded 5°*, and subsequent treatment with L-ascorbic acid regenerated
the neutral form. Recovery of the original compound was confirmed by 'H NMR and
TLC, demonstrating that oxidation to 5°* is chemically reversible under mild conditions,
in line with the electrochemical behavior. The ease with which such a structurally simple
molecule can be switched reversibly between a neutral precursor and an NIR-absorbing
radical cation is also important from a practical standpoint. It means that the key optical
function can be accessed without relying on structurally fragile or synthetically demanding
chromophores, thereby lowering the barrier to further optimization, derivative synthesis,
and incorporation into solution-processed materials. In this sense, the present molecule
serves not only as an individual NIR dye but also as a useful model for establishing a more
accessible molecular platform for radical cation-based NIR materials.
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Figure 5. UV-vis-NIR absorption spectra of 5 (dotted line) and 5°* (solid line) in dichloromethane.
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Figure 6. Time-dependent UV-vis—NIR absorption spectra of the radical cation 5°* generated in situ
by oxidation of 5 with AgPFg in dichloromethane.

2.7. Isolation of Radical Cation Salts

Since 5 formed stable radical cations in solution, attempts were made to isolate them
as solid salts. The ability to isolate radical cation dyes as stable solids is important because
it allows characterization and handling of the oxidized species beyond in situ generation in
solution. Such isolability is also advantageous for storage and for considering subsequent
material applications. Oxidation of 5 with AgPFg in dichloromethane followed by precipita-
tion with n-hexane afforded radical cation salts as reddish-brown powder with a moderate
yield (Figure 7). This result shows that the radical cation of 5 can be obtained not only under
spectroscopic conditions in solution but also as an isolable chemical species. The UV-vis—
NIR spectrum of the isolated salt in solution was identical to that of the in situ generated
radical cations (Figure S8), confirming that the radical species are retained in the solid
state. This agreement further indicates that the same radical cation species is preserved
during the isolation process. The salts were stable under ambient conditions for several
weeks without noticeable decomposition. Such ambient stability is valuable for practical
radical dyes because it facilitates routine handling and further processing. In contrast,
the radical cation of Compound 1, which does not contain the phenothiazine framework,
decomposed during attempted isolation [25]. This result highlights the important role of
the phenothiazine scaffold in stabilizing the radical cation. Thus, the phenothiazine-based
framework is beneficial not only for generating NIR-absorbing radical cations but also for
imparting the persistence and isolability required for practical molecular dye systems.
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Figure 7. (a) Isolation procedure for the radical cation salt 5°*ePF¢ ™. (b) Photograph of the isolated
radical cation salt 5**ePFg .

2.8. Thin-Film Preparation and Absorption Spectra

Because the limited solubility of many NIR-absorbing dyes restricts coating and
printing processes, thin films of NIR absorbers have often been fabricated by vacuum
deposition [36], whereas solution-processed NIR-dye films remain relatively rare [37]. From
the viewpoint of practical applications, however, the ability to fabricate NIR-absorbing
thin films by simple solution-based techniques such as spin-coating is highly important.
Solution processing offers advantages in terms of low-cost fabrication, large-area coating,
compatibility with flexible substrates, and ease of integration into functional optical coat-
ings and lightweight devices. These advantages make spin-coated NIR films particularly
attractive for applications such as optical filters, thermal management coatings, and other
photonic materials. Dye—polymer blends, including PMMA-based systems, provide a
practical route to solution-processed optical films because the dye can be embedded in a
rigid matrix while the film is formed by conventional coating methods [38]. To realize such
films, several challenges must be overcome at the molecular and material levels. In par-
ticular, the dye must possess sufficient solubility to form homogeneous coating solutions,
while also maintaining compatibility with the polymer matrix to avoid phase separation or
precipitation during film formation. In addition, aggregation or crystallization of the dye in
the solid state must be minimized, since such processes can deteriorate the film’s uniformity
and alter the desired optical response. For radical cation-based NIR dyes, another key
requirement is that the oxidized species must remain sufficiently stable during processing
and after film formation so that the characteristic long-wavelength absorption is preserved
in the solid-state material.

Previous studies have shown that dyes incorporated into PMMA generally retain
their absorption characteristics, although small spectral shifts may arise from the polymer
microenvironment [39]. Accordingly, the successful preparation of spin-coated PMMA
films containing the present radical cation is meaningful not only as a demonstration of
film fabrication itself but also as evidence that the molecular design addresses the central
requirements of solubility, film-formability, and retention of NIR absorption in a practically
relevant thin-film format. On the basis of this strategy, a dichloromethane solution of
PMMA containing 5°*ePF;~ was spin-coated onto a glass substrate to afford a uniform
thin film; experimental details are provided in the Supporting Information. The UV-vis—
NIR absorption spectrum of 5** @ PF ~ in the spin-coated PMMA film closely resembled that
observed in solution, indicating that the radical cation retains its characteristic absorption
features upon incorporation into the polymer matrix (Figure 8). A slight shift to shorter
wavelengths was observed in the film, which is reasonably attributed to the different
dielectric environment of PMMA relative to the solution. The stability of the radical
cation in the PMMA matrix was then evaluated by monitoring the UV-vis-NIR absorption
spectrum of the as-prepared film over time (Figure 9). The spectral profile, including the
characteristic NIR band, was largely preserved throughout the observation period, and
the absorbance showed only a small decrease under the present storage and measurement
conditions. These results demonstrate the practical stability of the radical cation in the
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solid-state polymer matrix, which is favorable for long-term optical performance in coatings
and thin-film devices.
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Figure 8. Comparison of the UV-vis-NIR absorption spectra of the radical cation 5°* in solution
(dotted line) and in a spin-coated thin PMMA film (solid line). Inset: Photograph of a spin-coated
thin PMMA film containing the radical cation dye 5°*ePF, ™.
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Figure 9. Time-dependent UV-vis-NIR absorption spectra of a PMMA thin film containing 5** ePFs .

3. Conclusions

In summary, we designed a m-extended NPPT derivative, Compound 5, bearing pe-
ripheral thiophene substituents to address a central trade-off in radical cation near-infrared
(NIR) dyes, namely achieving long-wavelength absorption while maintaining practical
processability and robustness. This trade-off has been a persistent challenge in the develop-
ment of functional organic NIR materials, because structural modification for red-shifted
absorption often compromises solubility, stability, or film-forming ability. In this context,
the present study demonstrates the value of balancing electronic and structural design
requirements within a single molecular framework. Compound 5 was readily synthesized
using Suzuki-Miyaura cross-coupling. The efficient preparation of 5 also highlights the
synthetic accessibility of this design, which is advantageous for further molecular develop-
ment and structural diversification. DFT calculations supported the observed bathochromic
shift by indicating that 7-extension with thiophene units narrows the HOMO-SOMO gap.
These computational results are consistent with the experimental absorption behavior
and provide a clear electronic basis for the effectiveness of thiophene’s incorporation in
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this system. Single-crystal X-ray diffraction revealed a bent conformation with a reduced
propensity for cofacial 7-7t stacking, providing a structural rationale for the favorable
solubility and film-forming behavior. Thus, both the electronic structure and molecular
geometry contribute cooperatively to the observed material properties. Clean one-electron
oxidation of 5 with AgPF; afforded the corresponding radical cation 5**, which exhibits
intense and broad NIR absorption with a maximum at 910 nm. Relative to our previously
reported molecules [26], thiophene incorporation resulted in a bathochromic shift of the
absorption band. Time-dependent UV-vis—NIR measurements further showed that the
oxidized state persists on the hourly timescale in solution, enabling reliable handling and
characterization. Importantly, this radical cation retained high solubility in common or-
ganic solvents and displayed good stability in the solid state, allowing uniform thin films
to be prepared straightforwardly by solution processing. The radical cations’ stability is
attributable to the NPPT scaffold, which combines spin/charge delocalization over the
N-S-containing framework with a folded nonplanar geometry that suppresses strong inter-
molecular interactions. Overall, peripheral thiophene substitution of NPPT emerges as a
modular and effective molecular design strategy to realize radical cation dyes that exhibit
strong NIR absorption at longer wavelengths while combining solution processability and
thermal robustness, offering a practical platform for photonic and optoelectronic thin-film
applications. More broadly, the present results provide a useful design guideline for future
radical cation-based NIR materials in which long-wavelength absorption must be achieved
together with stability and manufacturability.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ colorants5020014/s1, Table S1. Solubility (wt%) of compounds
1-5 in dichloromethane, anisole, toluene and ethyl acetate at room temperature, as determined by
visual observation. Table S2. Solubility (wt%) of compound 5 in dichloromethane, anisole, toluene
and ethyl acetate at room temperature, as determined by UV-vis spectroscopy using a calibration
curve [40]. Figure S1. Cyclic voltammogram of 5 in CH,Cl, (0.1 M n-BusNPFg); potentials vs Fc/Fc*.
Figure S2. Cyclic voltammogram of 5 in CH,Cl, (0.1 M n-BuyNPF), recorded (a) in the absence and
(b) in the presence of an equimolar amount of ferrocene as an internal reference.; potentials vs Fc/Fc*.
Figure S3. Spin density plots of radical cation of 1, 2 and 5. Figure S4. HOMO, LUMO, and LUMO+1
orbitals of 1, 2 and 5. Table S3. The selected absorption peaks of 1, 1°*, 2, 2°*, 5 and 5°* calculated
by TD-DFT [41-47]. Figure S5. Dichloromethane solution of 5 in the absence (left) and presence of
AgPFg (right). Ref. [5] = 1 x 10~° M. Figure S6. Absorption spectra of 5 in dichloromethane at room
temperature during stepwise oxidation with AgPF4 (0-2.0 equiv, added in 0.2 equiv increments).
Ref. [5]=1 x 107> M. Figure S7. Experimental UV-vis absorption spectra of 5 after oxidation with
2.0 equivalents of AgPF; and TD-DFT calculated energy transition with oscillator strength shown as
a vertical line. See also Table S3. Figure S8. Normalized UV-vis-NIR absorption spectra of the radical
cation of 5 generated in solution (dotted line) and that of the isolated radical cation salt 5**-PFg~
after redissolution (solid line). Figure S9. UV-vis (solid line) and fluorescence emission (dotted line)
spectra of 5. The concentration is 1 x 107> M for UV-vis and 1 x 10~¢ M for fluorescence emission
spectra. Figure S10. (A) 1H NMR spectra of (a) 5 and (b) the resulting mixture after treatment of 5
with AgPFg followed by reduction with excess ascorbic acid. (B) TLC plate of (a) 5, (b) overstrike of 5
and the mixture obtained after oxidation of 5 followed by reduction and (c) the mixture obtained after
oxidation of 5 followed by reduction (irradiation at 365 nm with a 4W UV lamp). Figure S11. Isolation
of the radical cation salt by oxidation of the neutral 5 with AgPFg. Figure S12. 'H NMR spectrum of
5 (400 MHz, CDC13). Figure S13. 13C NMR spectrum of 5 (100 MHz, CDC13). Figure S14. IR (ATR)
spectrum of compound 5. Figure S15. HRMS (DART) spectrum of compound 5. Figure S16. ESR
spectrum of 5** (g = 2.004). Table S4. Crystal data and structure refinement for compound 5 [48-50].
Figure S17. ORTEP drawing of 5 with 50% thermal ellipsoids. Disorder omitted for clarity.
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