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A yellow chiral crystal of a 1,2,5-thiadiazole-substituted pyrazine
exhibited red excimer-like emission above 600 nm with a Stokes
shift exceeding 200 nm under UV, which also enabled green second
harmonic generation (SHG) under near-infrared irradiation.

Invisible light that lies beyond the visible region pervades our
surroundings and plays a crucial role in technologies such as
optical communication and photochemical reactions. Visualiz-
ing such light quantitatively is vital for both applied and
fundamental photophysical research. Organic luminescent
materials have attracted considerable interest in organic
electronics,' particularly in applications such as organic
light-emitting diodes (OLEDs)®” and bio-probes.®° Their light-
weight, flexible, and responsive nature, inherent to organic
compounds, makes them highly suitable for advanced photonic
and optoelectronic devices.'> However, nonradiative decay
pathways, especially those caused by vibrational relaxation
and bond rotations, often reduce their luminescence
efficiency.'®"" Addressing these losses requires rigid molecular
frameworks with well-defined n-conjugated systems. Among
such frameworks, pyrazinacene derivatives—heteroaromatic
compounds composed of linearly fused pyrazine units—have
emerged as promising candidates due to their electron-
accepting properties, structural rigidity, and long-wavelength
emission."'* Heteroaromatic compounds, particularly those
incorporating electron-donating and electron-accepting groups,
have attracted considerable interest due to their diverse photo-
physical properties. Especially when equipped with donor and
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Red-fluorescence under UV and green-SHG under
NIR dual-mode emission in a yellow crystal of a
1,2,5-thiadiazole derivative
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acceptor substituents, these molecules exhibit tunable photophy-
sical properties and pronounced intramolecular charge-transfer
(ICT) behavior. We previously reported TPA-functionalized pyra-
zinacene derivatives 1 that exhibited efficient ICT emission based
on a donor-acceptor system.'> Building on this strategy, we
introduced a 1,2,5-thiadiazole unit into the pyrazinacene scaffold,
which was expected to enhance the emission efficiency and was
anticipated to promote nonlinear optical (NLO) phenomena. This
heterocyclic moiety offers a planar, rigid geometry and electron-
accepting properties,'®™® making it a promising structural ele-
ment for new photophysical functions. In this study, we synthe-
sized yellow chiral crystals of thiadiazole-based derivatives that
were found to exhibit excimer emission with a Stokes shift
exceeding 200 nm, originating from the anisotropic molecular
design. Moreover, these crystals were observed to generate second
harmonic (SH) signals under near-infrared (NIR) excitation, sug-
gesting a dual-mode emission pathway arising from distinct
excitation mechanisms.>*>* Herein, we report the synthesis,
crystal structures, and photophysical properties of two 1,2,5-
thiadiazole-substituted pyrazine derivatives, 2a and 2b
(Scheme 1), bearing phenyl and triphenylamine (TPA) groups,
respectively. Single crystals of both compounds were obtained,
and their structural features were characterized. Compound 2a
not only exhibited excimer emission at 636 nm but also demon-
strated pronounced SHG activity in its chiral crystal form, provid-
ing a rare solid-state example and offering a potential design
strategy for luminescent materials combining fluorescence and
nonlinear optical responses.

R_N_N_CN R_N_N a(R=Ph);b (R=TPA)

z z z Z '\
LI X I
R™N CN R7SN“SN pA=O_N
1 2 Ph

Scheme 1 Molecular structures of pyrazinacene 1 and thiadiazole deri-
vatives 2; TPA: triphenylamine substituent.
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Compound 2 was prepared via a typical dehydration-
condensation reaction (Fig. $1-S3)."*?* Specifically, a dicarbo-
nyl intermediate was prepared by coupling oxalyl chloride with
an appropriate aromatic substituent. Subsequently, 3,4-
diamino-1,2,5-thiadiazole was added, and the mixture was
refluxed in the presence of p-toluenesulfonic acid (PTSA),
during which a color change indicative of aromatic ring for-
mation was observed. The products were purified by column
chromatography (silica gel, CHCl;) to afford single products of
2: 2a as a yellow powder and 2b as a red powder. Single crystals
of each compound were obtained by dissolving the products in
a good solvent such as CHCl;, followed by addition of a poor
solvent such as MeOH and slow concentration of the solution at
room temperature to yield single crystals suitable for single-
crystal X-ray analysis (Table S1 and Fig. S4-S7).

Phenyl-substituted compound 2a crystallized as yellow pris-
matic crystals in a chiral space group, monoclinic, Cc (No. 9),
without inversion symmetry (Fig. 1). The six-membered pyrazine
ring (ring-o) and five-membered thiadiazole-NSN ring (ring-p)
showed high planarity, and the fused nine-membered ring («f3)
showed minimal deviation from the mean plane (z = 3.4). The
two phenyl rings attached to the pyrazine moiety adopted twisted
conformations due to steric hindrance, with relevant dihedral
angles of 25.5(3)° and 55.2(3)°, respectively. The resulting planar
pyrazinacene core is stacked along the c-axis while avoiding the
bulky twisted phenyl groups; the centroid-to-centroid distance
between adjacent ab planes is 3.542(4) A, and the vertical - - -1
overlap ranged from 3.34 to 3.41 A, indicating strong n-stacking
interactions. Notably, the orthogonal packing arrangement was
stabilized by intermolecular C-H- - -n interactions between phe-
nyl groups, leading to an alternating stacking along the c-axis
without inversion centers. Hirshfeld surface (HS) analysis sup-
ports this packing, with moderate H---H (29.8%) and notable
H---N/N---H interactions (22.5%) complementing the =---x
stacking (Fig. S8). This columnar stacking preserved directional
anisotropy along the ag-axis without cancellation of dipole
moments, likely assisted by pseudo-hydrogen bonding between
the lone pair of the thiadiazole nitrogen and the adjacent phenyl
C-H moiety.

Fig. 1 (a) Appearance of crystal morphology, (b) molecular structure with
the selected numbering schemes, and (c) packing structure of 2a (CCDC:
2483803): ORTEP view with 50% thermal ellipsoids; color scheme: C, gray;
N, blue; S, yellow.
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In contrast, compound 2b, bearing a TPA group, formed red
needle-like crystals that were resolved in the monoclinic space
group P2,/c (No. 14) (Fig. 2). The af plane, comprising the
pyrazine and thiadiazole rings, retained a high degree of
planarity (t = 2.8); however, the bulky TPA group hindered
strong intermolecular associations. Only weak =---m interac-
tions between the off plane and the peripheral phenyl ring
(ring-E) were observed; the intermolecular distance of
Cy(aB)- - -Co(E) is 3.712(3) A, along with modest C-H: - -1 inter-
actions between the TPA moieties of C28-H28:--C,(F),
C19-H19- - -Cy(B), and C14-H14---C,(B). These findings indi-
cate significantly diminished supramolecular stacking in 2b
compared to 2a, as also supported by HS analysis showing
dominant H- - ‘H contacts (48.4%) and fewer H- - -N/N- - -H inter-
actions (15.0%) (Fig. S9).

Compound 2a exhibited intriguing photophysical behavior
in the crystalline state (Table 1, Fig. 3 and Fig. S10-S13), and
the visual appearance together with the absorption spectra of 2
in CCl,; are shown in Fig. 3a. 2a appeared pale yellow with a
maximum absorption at 373 nm and showed no detectable
emission. In contrast, 2b displayed a red solution with a
pronounced absorption band at 494 nm, suggestive of ICT
from the TPA moiety to the nine-membered ring (af), as
supported by theoretical calculations (Fig. 4 and Fig. S14,
$15).">*" 1t also exhibited an intense emission peak at
592 nm with a photoluminescence quantum yield (PLQY) of
®pp, = 30% and a large Stokes shift of 98 nm. Under the same
conditions, the PLQY of 2b was 7% higher than that of its

Fig. 2 (a) Molecular structure with the selected numbering schemes and
(b) packing structure of 2b (CCDC: 2483804): ORTEP view with 50%
thermal ellipsoids; color scheme: C, gray; N, blue; O, red.

Table 1 Photophysical properties of 2: maximum absorption wavelength
(Zabs), €mission wavelengths (lem) with the excitation wavelengths (1,ps),
and PL quantum yield

Compound (state) Aabs/NNM Aex/IM Aem/NM Dy,
2a (solution)” 373 360 Not detected —
2a (solid)” 381 370 613 11
2b (solution)® 494 470 592 30
2b (solid)” 509 510 634 7.9

“ CCl, solution. ? Drop-cast on paper.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 UV-Vis and emission spectra of 2 in (a) CCly solution and (b) solid
states with the corresponding appearances. (c) Emission lifetimes of 2a
(Aem = 636 nm) and 2b (lem = 648 nm) upon excitation at e, = 365 and
470 nm, respectively.

structural analogue 1b (®p. = 23%)," clearly demonstrating
that incorporation of the thiadiazole-NSN ring effectively sup-
presses thermal deactivation. In CHCI; solution, both 2a and
2b showed similar absorption spectra to those in CCly, but
neither exhibited measurable emission. This absence of emis-
sion is likely because the excimer-type excited state that dom-
inates in the solid state cannot form in solution, where the
excited energy is efficiently dissipated through nonradiative
pathways. The solid-state absorption spectra (measured by
drop-casting on filter paper) closely matched the results of
the solution-state (Fig. 3b). Solid-state PL spectra of powder
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Fig. 4 The energy levels near the frontier molecular orbitals, and the
contour plots of the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) of (a) 2a and (b) 2b as

optimized isolated molecules [B3LYP/6-311+G(2DF,2P)].2°
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samples revealed that 2a emitted strongly at 613 nm with
@p;, = 11%, while 2b showed an emission maximum at
634 nm with @p;, = 7.9%. As compound 1 exhibited negligible
solid-state emission, these results clearly highlight the excep-
tional luminescence properties of 2, especially 2a, whose Stokes
shift exceeds 230 nm, an extraordinary value. Typically, organic
molecules display Stokes shifts in the range of 10-50 nm and
compounds undergoing excited-state intramolecular proton
transfer (ESIPT) may exhibit shifts of 100-200 nm due to
substantial structural reorganization in the excited state.>>*’
Since excimer or exciplex formation can lead to even larger
shifts, often reaching 100-300 nm, the crystal structure of 2a
suggests that the supramolecular association of the nine-
membered core facilitates excimer emission in the present
system,'?%2? accounting for its unique photophysical proper-
ties. Although 2b also exhibited a red-shifted emission of 42 nm
in the solid state compared to its solution-state emission (with
a Stokes shift exceeding 100 nm), the spectral similarity
indicates that the emission originates primarily from the
monomeric species. Despite the similar emission wavelengths
of 2, the corresponding lifetimes were drastically different
(Fig. 3c): 2a exhibited long-lived room-temperature emission
arising from excimer formation, with an average lifetime of 25.1
B8 (Trise = 0.69 US; Tmajor = 14.0 s, 80%), whereas 2b exhibited a
nanosecond-scale lifetime (tayg = 4.3 1S; Tmajor = 3.9 NS, 61%)
characteristic of fluorescence.

In addition to their intriguing emission properties, the
crystal of 2a also exhibited SHG activity, as demonstrated by
polarization-dependent SHG measurements (Fig. 5a and Fig.
$16).2°72*3° When the crystal was irradiated with NIR laser light
at 1050 nm, green emission at 525 nm, corresponding to the
second harmonic, was observed. Fig. 5b shows a side view of
the crystal, where only the irradiated region exhibits weak green
emission. The fact that this light originates from the crystal was
confirmed by the observation of SH signals on the surface
(Fig. 5¢). In addition, the relationship between the SHG inten-
sity (photon counts) and the square of the incident laser
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Fig. 5 SHG activity of 2a: (a) concept of the emission characteristics
under UV and NIR excitation, (b) appearance of green emission upon
irradiation with NIR (1050 nm), (c) the corresponding photon counts (SH
intensity) from the crystal, and (d) the relationship between the incident
(1050 nm) and SHG emission (525 nm) light intensities.
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intensity demonstrated the quadratic nonlinear effect character-
istic of SHG (Fig. 5d). Polarization experiments further con-
firmed the assignment of point group m, in agreement with
crystallographic analysis.?>*! The SHG tensor components deter-
mined from these measurements exhibited notable aniso-
tropy (di1:d13:dys:dsq:dsz:dss = 57.0:17.2:5.75:4.66:1:1.02),
clearly indicating a non-centrosymmetric response consistent
with the monoclinic Cc. Among these, the dominant compo-
nent dy; contributed significantly to the observed SHG signal,
especially when the incident polarization is aligned along the
c-axis or within the off plane. This anisotropy demonstrates
local non-centrosymmetry despite the absence of a global
inversion center. The SHG intensity reached its maximum
along the X-direction, perpendicular to the crystal’s elonga-
tion axis (c-axis), consistent with the anisotropic nonlinear
optical response.?> This behavior offers a unique opportunity
to visualize invisible light beyond the visible region, which
plays a critical role in optoelectronic applications and photo-
nic signal processing. In this context, 2a serves not only as a
model system for studying supramolecular excimer emission
but also as a rare n-conjugated molecular crystal combining
strong solid-state photoluminescence and measurable SHG
activity. Further investigations of phase-matching behavior,
SHG intensity versus incident angle, and excitation wavelength
dependence are currently underway to evaluate its potential as
a functional SHG-active material.

This work describes thiadiazole-based n-conjugated com-
pounds featuring a fused pyrazine-NSN ring, 2, which exhibits
distinct photophysical properties depending on the substitu-
tion pattern. Compound 2a with phenyl groups showed long-
lived excimer-like emission in the solid state with an exception-
ally large Stokes shift exceeding 230 nm, along with pro-
nounced SHG activity in the crystalline state. In contrast, the
TPA-substituted analogue 2b showed efficient ICT and the
corresponding emission in both solution and solid states. In
particular, 2a demonstrated red emission under UV excitation
and green emission under NIR light via SHG, thereby providing
a molecular-level strategy to visualize light beyond the visible
region. These results highlight a new approach to designing
wide-Stokes-shift emitters and nonlinear optical materials by
combining supramolecular interactions and local
centrosymmetry in molecular crystals.

R. N. and Y. S. prepared the samples, performed crystal-
lographic and photophysical investigations, and drafted the
manuscript. K. N. and G. J. R. prepared the samples and
supported the whole investigation. R. M. and A. I. studied
solid state emission with lifetime. T. Y. and H. Y. studied SHG
characteristics. A. H. supervised the project and finalized the
manuscript. All authors contributed to and approved the
manuscript.
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Data availability

The data supporting the findings of this study are available in
the main article and its supplementary information (SI). Sup-
plementary information: the preparation, crystal structures,
and photophysical properties of 1,2,5-thiadiazole derivative 2.
See DOI: https://doi.org/10.1039/d5cc05735¢.

Further inquiries regarding specific experimental details can
be directed to the corresponding author.

CCDC 2483803 and 2483804 contain the supplementary
crystallographic data for this paper.>*®?
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