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Pyrido[2,3-b]pyrazine-based donor–acceptor–donor (D–A–D) molecules were designed by altering donor

amines and synthesized using the Buchwald–Hartwig C–N coupling reaction. Further, the tunable opto-

electrochemical properties of the dyes were studied in detail. The dye possesses intramolecular charge

transfer (ICT) transition (412–485 nm), which marked the D–A architecture and induces a broad range of

emissions from blue to red (486–624 nm) in the solution and solid state. Some of the dyes show

aggregation-induced emission (AIE) features and formation of nanoparticles in the THF/H2O mixture, as

confirmed by DLS and FEG-SEM (of 7) analysis. The AIE characteristics indicate its solid/aggregate-state

application in organic electronics. The molecules exhibit high thermal stability, low band gap (1.67–2.36

eV) and comparable HOMO (�5.34 to �5.97 eV) and LUMO (�3.61 to �3.70 eV) energy levels with those

of reported ambipolar materials. The relationship between the geometrical structure and optoelectronic

properties of the dyes, as well as their twisted molecular conformation and small singlet and triplet

excitation energy difference (DEST ¼ 0.01–0.23 eV) were analyzed using the DFT/TDDFT method. Thus,

potential applications of the dyes are proposed for optoelectronic devices.
Introduction

The relationship between the structure and opto-
electrochemical properties of small donor–acceptor (D–A)
molecules has been heavily investigated in the recent past.1

Compared to polymeric materials, small D–A molecules have
higher solubility in organic solvents, a dened molecular
structure, and can be easily puried with reliable reproduc-
ibility. Additionally, these small D–A molecules possess intra-
molecular charge transfer (ICT) properties that can be exploited
for tuning emission and electrochemical characteristics.1

The only major drawback is the aggregation-caused
quenching (ACQ) phenomenon observed in planar D–A mole-
cules as it causes quenching of emission hindering its appli-
cation in organic light-emitting diodes (OLEDs).2 However, ACQ
can be overcome by simply having non-planar/twisted D–A
umbai, Santacruz (E), Mumbai 400 098,

ai, Santacruz (E), Mumbai 400 098, India

(ESI) available: 1H, 13C, FT-IR and
absorption and emission spectra of 1
and DLS plot; cyclic voltammogram,

molecular orbital diagram, optimized
rameters at S0, S1 and T1 state are

05
molecules; here, the aggregation-induced emission (AIE) takes
precedence through the assistance of restricted intramolecular
rotation (RIR) and changes in the conformation of molecules in
the aggregate state.2 Further, twisted D–A systems can have
adequately separated highest occupied (HOMO) and lowest
unoccupied (LUMO) molecular orbitals with small energy gaps
(DEST) between the singlet (S1) and triplet (T1) states. This
indicates an efficient reverse intersystem crossing (RISC)
process for the upconversion of T1 / S1 excitons, possessing
competent thermally activated delayed uorescence (TADF)
properties.3

Further, there is a scarcity of environmentally stable ambi-
polar materials, i.e. materials exhibiting electron and hole
transport within the samemolecule. This property enhances the
power efficiency of devices, signifying the need for its develop-
ment.4 A known route for its development is by introducing
electron-withdrawing groups (peruorinated alkyl chains,
cyano and carbonyl) or a more electronegative atom than
carbon in an extended p-type material.5

From the literature, D–A molecules with acceptors such as
quinoxaline,6 indolo-quinoxaline,7 pyrido[2,3-b]pyrazine,8 and
phenazine9 are well known, due to their excellent semi-
conducting and highly emissive properties with outstanding
AIE and TADF characteristics. Here, the pyrido[2,3-b]pyrazine
acceptor is notable for its high electron-accepting ability, due to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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View Article Online
its additional pyridine N-atoms in the fused ring mimicking
quinoxaline. Hence, it is used for the fabrication of electro-
conductive and ambipolar electroluminescent devices,8 while
donors such as tri/diarylamines, carbazole, phenothiazine, and
phenoxazine are generally used in the D–A system, as they help
to tune optoelectronic properties, offering high conductivity
and thermal stability.3d,10

In this work, we designed and synthesized D–A–D structured
dyes 2–10 having pyrido[2,3-b]pyrazine acceptor and various
diarylamines/heterocyclic amine donor groups. The standard
Buchwald–Hartwig coupling amination reaction11 is used for
the synthesis and dyes have been characterized using spectro-
scopic techniques. The study presented here encompasses,
tuning photophysical, aggregation-induced emission and elec-
trochemical properties by modulating donor groups. Then, DFT
and TDDFT techniques are used to understand the correlation
between structure and properties; and the determination of
DEST. The structures of dyes 2–10 are shown in Fig. 1.
Results and discussion
Synthesis and characterization

Molecule 1, was synthesized by condensing 4,40-dibromobenzil
and 5-bromo-2,3-diaminopyridine in glacial acetic acid. For
dyes 2–10, the Buchwald–Hartwig coupling amination reac-
tion11 was employed to couple electron-donating diarylamines/
heterocyclic amines at 4, 40 and 7th position of molecule 1.
Products were puried by column chromatography using eluent
n-hexane : chloroform with a yield of 41–97% as yellow-red
Fig. 1 Molecular structure of compounds 2–10.

© 2022 The Author(s). Published by the Royal Society of Chemistry
solids. The identity and purity of products were conrmed by
1H, 13C NMR spectroscopy (ESI Fig. S30–S39†), FT-IR (ESI
Fig. S25–S29†), MALDI-TOF mass spectrometry (ESI Fig. S20–
S24†) and elemental analysis. The detailed synthesis route is
shown in Scheme 1 and spectral characterization data is
depicted in the experimental section.

Photophysical properties

The study of the charge transfer transition and uorescence
properties of dyes 2–10 in the solid lm and different polarity of
solvents; toluene, tetrahydrofuran (THF), chloroform (CHL),
dichloromethane (DCM), and dimethyl sulfoxide (DMSO) was
conducted using UV-visible and uorescence spectroscopy
techniques. Absorption spectra of dyes 2–10 in toluene and
solid lms are given in Fig. 2 (for other solvents ESI Fig. S4†).
Emission spectra in toluene, DCM and solid lms are given in
Fig. 3(a, b) and 6(a) (for other solvents ESI Fig. S5†). The relevant
noteworthy photophysical data are summarized in Tables 1 and
2.

Absorption property of dyes in solvent and solid state

UV-visible absorption spectra of molecule 1 in various solvent
show absorption at 358–365 nm (log 3max ¼ 4.32–
4.43 M�1 cm�1) corresponding to n–p* and p–p* transitions
originating from the p–conjugated pyrido[2,3-b]pyrazine skel-
eton (Fig. S1† and Table 1). Such transitions in dyes 2–10 were
observed around 280–399 nm (log 3max ¼ 4.38–4.88 M�1 cm�1).
While additional transitions around 412–476 nm (log 3max ¼
3.49–4.83 M�1 cm�1) represent intra-molecular charge transfer
RSC Adv., 2022, 12, 6888–6905 | 6889
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Scheme 1 Synthetic route of 2–10.
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View Article Online
(ICT) (Table 1). ICT establishes the D–A architecture in dyes 2–
10, originating from electron donor peripheral amines to the
acceptor pyrido[2,3-b]pyrazine backbone (Fig. 2(a) and S4†).

Further, the ICT absorption wavelength of dyes 2–10 is
sensitive towards the solvent polarity and the relative strength
of the coupled donor amines, assisting tuning of ICT wave-
length (Table 1). The marginal red shi of 5–6 nm and hypo-
chromically shied ICT maxima in dye 4 is the result of
improved donating capacity due to the presence of a strong
electron-donating methoxy (–OCH3) group on diphenylamine,
compared to 2 (Table 1, Fig. 2(a) and ESI Fig. S4†). Intense ICT
transitions of 5 and 6 were ascribed to the electron-withdrawing
nature of nitro (–NO2) and phenyldiazene (–N]N–Ph) segments
on diphenylamine, enabling charge-transfer contributions
towards 5 and 6 from diphenylamine.7b Further, negative
inductive (�I) and resonating (�R/�M) nature of the –NO2

group in 5 decreases the electron density at the tertiary nitrogen
atom of the amine by withdrawing the electron towards itself
and leads to blue-shied (17–20 nm) ICTmaxima compared to 2
(Table 1, Fig. 2(a) and ESI Fig. S4†).7b

Weak donating strength of carbazole (CBZ) in dye 7 by its
rigid/locked conformation leads to blue shi in ICT maxima
(lICT ¼ 412–430 nm) compared to 2 (lICT ¼ 457–470 nm) (Table
Fig. 2 UV-Vis absorption spectra of compounds 2–10 in toluene (a) and

6890 | RSC Adv., 2022, 12, 6888–6905
1, Fig. 2(a) and ESI Fig. S4†).8d,12 The oxygen and sulphur
heteroatoms in rigid phenoxazine and phenothiazine offer the
good electron-donating ability, leading to broader and stronger
ICT as expected in dyes 8 and 9 in comparison to 7 (Fig. 2(a) and
ESI Fig. S4†).3e,6b,7b,8d,13 Observed behavior indicates a greater
extent of separation in HOMO–LUMO spatial distributions
compared to other dyes, which is evaluated by the theoretical
data (ESI Fig. S54 (below), S55 (above)†).3e,6b,7b,8d,13 Weak donor
strength of aliphatic cyclic amine (morpholine) in 10 leads to
blue-shied ICT band compared to 2 (Fig. 2(a) and ESI Fig. S4†).
While slightly broader and red-shied solid lm absorption
maxima were found it suggested molecular aggregation in the
solid-state (Table 1 and Fig. 2(b)).14
Emission property of dyes in the solvent state

Photoexcitation of molecule 1 (at absorption lmax) shows an
unstructured emission (ESI Fig. S2 and S3†), while dyes 2–10 (on
respective ICT lmax) display emission between blue to yellow (l
¼ 486–585 nm) in the solution state (Table 2, Fig. 3, ESI
Fig. S5†). The absence of vibrionic structure in emission spectra
of 2–10 recommends emission from relaxed ICT state.15 Analo-
gous to absorption, the emission wavelength was also tuned by
the modication of the amine segment in 2–10 (Table 2, Fig. 3,
solid film (b).

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Emission spectra of 2–10 (left) and of weak/non-emissivemolecules (right) in toluene (a) and DCM (b) (excitation of molecules 2–10 done
at their respective ICT lmax).
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ESI Fig. S5†). Molecule 4 having strong donating –OCH3 or
polar substituent show weak emission with bathochromic
shi in nonpolar toluene and moderately polar THF solvent,
compared to 2. While, due to the enhancement in the electron
density on the tertiary nitrogen atom of diphenylamine by the
electron-donating/polar –OCH3 group in 4, it restricts the
rotation of the phenyl group in polar media. Hence, its emis-
sion in highly polar CHL, DCM and DMSO solvents was found
Table 1 Absorption data of molecules 1–10

Dye

labs
a,b, nm (log 3max M

�1 cm�1)

Toluene THF Chloroform

1 362 (4.37) 358 (4.32) 365 (4.43)
2 300 (4.66), 335 (4.50),

462 (4.44)
297 (4.61), 337 (4.49),
457 (4.44)

301 (4.72), 338 (4
470 (4.51)

3 329 (4.53), 449 (4.40) 333 (4.49), 447 (4.39) 330 (4.65), 458 (4
4 284 (4.64), 329 (4.56),

465 (4.42)
281 (4.68), 331 (4.58),
462 (4.40)

325 (4.58), 476 (4

5 296 (4.49), 398 (4.73),
450 (4.70)

294 (4.42), 399 (4.79),
440 (4.70)

299 (4.50), 451(4.

6 313 (4.58), 461 (4.68) 312 (4.51), 458 (4.68) 317 (4.69), 472 (4
7 291 (4.80), 314 (4.60),

423 (4.37)
291 (4.81), 337 (4.44),
420 (4.33)

291 (4.82), 320 (4
430 (4.41)

8 333 (4.57), 467 (3.53) 333 (4.54), 466 (3.49) 335 (4.65), 472 (3
9 314 (4.43), 417 (4.17) 312 (4.38), 416 (4.14) 313 (4.57), 424 (4
10 305 (4.42), 426 (4.31) 358 (4.44), 420 (4.23) 305 (4.47), 428 (4

a Recorded in 10�5 M solution. b 3 is extinction coefficient (L mol�1 cm�1

© 2022 The Author(s). Published by the Royal Society of Chemistry
almost quenched due to polar–polar solute–solvent
interactions.15,16

In the case of 5, strong CT character and –I/�R/�M nature
of the –NO2 group on the donor amine contributes hypo and
hypsochromically-shied emission compared to 2 in
nonpolar toluene and aerwards emission intensity goes on
decreasing on increasing the polarity of the solvent from THF
to DMSO.
labs, nm

DCM DMSO Solid lm

363 (4.40) 361 (4.38) 368
.60), 299 (4.69), 337 (4.55),

464 (4.46)
299 (4.70), 336 (4.58),
465 (4.44)

304, 341,
476

.49) 327 (4.56), 453 (4.41) 328 (4.60), 452 (4.43) 334, 462

.39) 282 (4.70), 329 (4.57),
467 (4.42)

280 (4.66), 331 (4.57),
464 (4.36)

290, 340,
479

82) 297 (4.50), 446 (4.82) 298 (4.50), 440 (4.83) 300, 464

.79) 312 (4.64), 460 (4.73) 311 (4.64), 462 (4.72) 304, 475

.66), 291 (4.85), 313 (4.65),
423 (4.41)

292 (4.88), 320 (4.65),
412 (4.34)

294, 322,
437

.65) 332 (4.60), 464 (3.52) 332 (4.66), 469 (3.56) 333, 485

.32) 313 (4.48), 419 (4.23) 315 (4.47), 416 (4.12) 317, 428

.37) 306 (4.44), 428 (4.33) 308 (4.50), 433 (4.36) 304, 440

) (in parentheses).

RSC Adv., 2022, 12, 6888–6905 | 6891
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Table 2 Emission data, optical band gap, Stoke's shift and quantum yield of 2–10 in the solution state

Dye

lemi
a nm, (Eoptg eV)b Stoke's shic, cm�1 (% fF)

d

Toluene THF Chloroform DCM DMSO Toluene THF Chloroform DCM DMSO

2 520 (2.41) 530 (2.40) 550 (2.33) 552 (2.32) 558 (2.31) 2414 (12.73%) 2906 (11.30%) 2959 (6.36%) 3435 (3.64%) 3584 (0.14%)
3 515 (2.46) 526 (2.44) 546 (2.38) 547 (2.37) 553 (2.37) 2854 (9.09%) 3177 (11.11%) 3519 (4.72%) 3793 (2.36%) 4040 (0.19%)
4 570 (2.30) 585 (2.26) NA (2.19) NA (2.24) NA (2.24) 3961 (0.71%) 4551 (0.11%) NA NA NA
5 503 (2.52) 526 (2.52) 529 (2.49) 531 (2.49) NA (2.49) 2390 (16.36%) 3496 (0.55%) 3517 (0.14%) 3792 (0.04%) NA
6 NA (2.38) 507 (2.38) 537 (2.35) NA (2.34) NA (2.31) NA 2226 (0.06%) 2654 (0.16%) NA NA
7 486 (2.60) 519 (2.55) 530 (2.52) 538 (2.52) 555 (2.51) 3064 (18.18%) 4094 (13.33%) 4387 (9.09%) 5053 (5.45%) 6253 (0.34%)
8 NA (2.14) NA (2.13) NA (2.10) NA (2.10) NA (2.07) NA NA NA NA NA
9 NA (2.64) NA (2.48) NA (2.45) NA (2.44) NA (2.42) NA NA NA NA NA
10 508 (2.52) 534 (2.52) 540 (2.45) 542 (2.45) 543 (2.44) 3955 (13.63%) 4429 (6.85%) 4845 (5.45%) 4914 (4.91%) 4678 (0.46%)

a Recorded in 10�5 M solution. b Optical band gap estimated using offset wavelength derived from the low energy absorption band�
E

opt
g ¼ 1240

labs: edge

�
eV. c Stoke's shi calculated according to the equation Dn ¼ (1/labs � 1/lem) � 107 (cm�1) d Percentage quantum yield (in

parentheses) with reference to quinine sulfate (fF ¼ 0.54 in 0.5 M H2SO4). NA: quenched emission, Bold: emission property (wavelength,
Stoke's shi and quantum yield) of dyes having very low intensity.

Fig. 4 Emission images of 2–10 showing a positive solvatochromic
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The high sensitivity of this molecule (5) to solvent polarity is
due to reverse charge shi from the amino group in the excited
state to the –NO2 substituent leading to an enhancement in
excited state dipole moment, which interacts with the polar
solvent molecules and reduces the energy of the excited state
hence shows weak emission in polar solvents (Table 2, Fig. 3
and ESI Fig. S5†).15 Moreover, molecule 6 shows faint emission
in THF, CHL and quenched emission in rest other solvents,
which could be due to cis–trans photoisomerization of azo-
benzene chromophores.17

Locked conformation of CBZ in 7 effects weak donating
strength and a lesser degree of rotational freedom in solution
state compared to diphenylamine in 2, as a result, emission
band was found blue shied (3–34 nm) (Table 2, Fig. 3, ESI
Fig. S5†).8d,12,18 Further observed quenched emission in dyes 8
and 9 having phenoxazine and phenothiazine units were
explained by (i) the photo-induced electron transfer (PET)
process, which leads to the formation of collision complexes or
exciplexes in the D–A assembly or (ii) inefficient electron delo-
calization of the heteroatoms in order to retain aromaticity of
two benzo-fused rings of phenoxazine and phenothiazine units
respectively.19 Weak donating strength of aliphatic cyclic amine
(morpholine) induces 12–15 nm blue-shied emission maxima
in 10 compared to 2 (Table 2 and Fig. 3, ESI Fig. S5†).

Stoke's shi of dyes is found high as 2226–6253 cm�1 (Table
2), suggesting a change in the ground and excited state geom-
etry and no reabsorption of the emitted photons, which is
desirable for their application in optoelectronics. The optical
band gap (Eoptg ) of dyes were found in the range of 2.07–2.64 eV
(Table 2). The quantum yield of compounds 2–10 (calculated
using quinine sulfate (fF ¼ 0.54 in 0.5 M H2SO4) as reference
material) was found in the range of 0.04–18.18% in the solution
state (Table 2). The variation in fF of dyes in different solvents
depends on the change in the non-radiative decay rates or
conformational change in the uorophore as the excitation
coefficient and radiative decay rates are independent of solvent
polarity.15 The obtained high fF in nonpolar solvents than in
6892 | RSC Adv., 2022, 12, 6888–6905
highly polar DMSO solvent could be due to stabilization of ICT
state causing an increase in the non-radiative decay rate in the
higher-polarity solvents.15 Further observed low quantum effi-
ciency could be due to an increase in non-radiative decay rate by
the rotation of the amino group in dyes, which provides a rapid
deactivation pathway to the ground state.15
Solvatochromic effect

The emission properties of dyes 2, 3, 5, 7 and 10 are found to be
sensitive toward the polarity of the solvent (Table 2 and Fig. 4).
The solvatochromic effect on these dyes was assessed using the
Reichardt polarity parameters ET (30) and Reichardt–Dimroth
effect in varying polarity of solvents under UV (365 nm) lamp.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ENT ,20 Weller's
�
Dfw ¼ 3� 1

23þ 1
� h2 � 1

4h2 þ 2

�
,21

Rettig's
�
DfR ¼ 3� 1

3þ 2
� h2 � 1

2h2 þ 4

�
,22 Lorentz–Lorenz

�
f ðh2Þ ¼ h2 � 1

2h2 þ 1

�
, Kirkwood–Bauer–Magat

�
f ð3Þ ¼ 3� 1

23þ 1

�
,

Lippert–Mataga (fLM(3,h) ¼ f(3) � f(h2))23 McRae�
fMRð3; hÞ ¼ 3� 1

3þ 2
� h2 � 1

h2 þ 1

�
24 and Bakshiev's

�
fBð3; hÞ ¼ 2h2 þ 1

h2 þ 2

�
3� 1
3þ 2

� h2 � 1
h2 þ 2

��
25 function plots (Fig. 5).

The bathochromic shi or good linear correlation of emis-
sion wavelength of dyes with increasing value of ET (30) and
Fig. 5 Plot of emission wavelength (nm) vs. the Reichardt empirical solve
emission wavelength (cm�1) vs. Wellers (fW(3,h)) (c) and Rettig's (fR(3,h)) (d
index (ET(30)) (e), Reichardt–Dimroth (ENT ) (f), Lorentz–Lorenz (f(h2)) (g),
McRae (fMR(3,h)) (j) and Bakshiev's (fB(3,h)) (k) function of 2, 3, 5, 7 and 10

© 2022 The Author(s). Published by the Royal Society of Chemistry
ENT function of solvents suggests the existence of a positive sol-
vatochromic effect in the dyes (Fig. 5(a and b)).15,20 Herein, polar
solvent solvate the excited state of charge transfer by stabilizing
enhanced dipole moment of the excited state than the ground
state and subsequently show red-shied emission and
decreases emission intensity with a reduction in the energy
gap.15,20

A further possibility of occurrence of the TICT state in polar
media and dependency of absorption and emission maxima on
solvent polarity during charge transfer are accessed by a good
linear correlation of emission wavelength of dyes with Weller
and Rettig's functions (Fig. 5(c and d)).21,22
nt polarity parameter ET(30) (a) and Reichardt–Dimroth function ENT (b);
) function; plot of Stoke's shift vs. Reichardt empirical solvent polarity
Kirkwood–Bauer–Magat (f(3)) (h), Lippert–Mataga polarity (fLM(3,h)) (i),
.
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Additionally, Stoke's shi of these dyes was found to vary
linearly with the ENT and ET (30) gives evidence of the occurrence
of positive solvatochromism (Fig. 5(e and f)).15,20 The indepen-
dence of solvents refractive index (h) in the determination of the
ground and excited-state properties of the molecules are
demonstrated by nonlinear solvent polarizability plots, i.e. plot
of Stoke's shi of dyes vs. f(h2) of various solvents (Fig. 5(g)).
Besides prominence of solvent dielectric polarizability on the
ground and excited-state photophysical properties of molecules
are revealed by a good linear correlation in the plot of Stoke's
shi vs. f(3) or the solvent polarity plot (Fig. 5(h)).15

Additionally, the obtained good linear correlation in the
Lippert–Mataga plot, i.e. the plot of Stoke's shi vs. fLM(3,h)
marked the presence of general solvent effect and the presence
of positive solvatochromic behaviour with charge transfer
characteristics in these dyes (Fig. 5(i)).15,23 In addition, positive
solvatochromism and CT characteristics were also established
by the linearity of Stoke's shis with improved Lippert–Mataga
functions, i.e. McRae (fMR(3,h)) and Bakhshiev (fB (3,h)) func-
tions (Fig. 5(j and k)).15,24,25
Emission property of dyes in the solid-state

As solid/aggregate state emission is desirable for practical
application of D–A molecules. Herein dyes 2–10 (except 6), emit
at lmax ¼ 531–624 nm and cover green to red emission range in
solid-state (Fig. 6). Dyes 2 (553 nm), 3 (551 nm), 5 (548 nm), and
7 (531 nm) shows good solid-state emission, while 4 (601 nm), 8
(624 nm), 9 (607 nm) and 10 (550 nm) are weakly emissive
(Fig. 6). Whereas photoisomerization of azobenzene chromo-
phore present in dyes 6 make it nonemissive in solid-state
(Fig. 6).17,26
Fig. 6 Emission spectra of 2–10 (left) and of weak/non-emissive molec
powder (c) of 2–10 under UV (365 nm) lamp.

6894 | RSC Adv., 2022, 12, 6888–6905
Optimized geometries and ground state geometrical
parameters (dihedral angle) of dyes suggest all aromatic rings
rotate to some degree between each other and hence attain non-
planar/twisted spatial conformation at their lowest energy
states (ESI Tables S11–S20, Fig. S41–S50†). However twisting
patterns in molecules 2–10 vary in accordance with their vari-
ation in the dihedral angle between D and A units (ESI Tables
S11–S20 and Fig. S41–S50†). Non-planar conformation of dyes
prevents close packing and p–p interactions, resulting in more
or less emission in the solid-state (Fig. 6).18,27

As literature manifests, solid-state emission is one of the
main criteria for the existence of AIE properties.2 Consequently,
it is assumed that the good solid-state emissions of D–A–D pairs
2, 3, 5 and 7 may exhibit AIE properties. Thus, to evaluate and
understand the aggregation-based emission enhancement/
quenching phenomenon, we studied the AIE characteristics of
dyes, as depicted in the following section.
Aggregation-induced emission

AIE characteristics of the dyes were analyzed by using a series of
10�5 M THF/water mixtures with varying (0–90) percentages of
water fraction (fw). Preliminary observation of changes in
a series of THF/water mixture of dyes was done under visible
and 365 nm UV illumination (Fig. 7(a–d), ESI Fig. S18†).

In the visible light, all dyes show formation aggregated
homogenous suspension (except 10) at high fw due to the
immiscibility of dyes in water. Homogeneous suspensions are
with no precipitate of aggregates hence called nanoparticles
(Fig. 7(a–d), ESI Fig. S18†).2c In addition under 365 nm UV
illumination dyes 2, 3, 4, 5 and 7 exhibit increased emission at
aggregated or high fw solution than the previously quenched
ules (right) in solid film (a), emission images in solid film (b) and solid

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Emission images of 2 (a), 3 (b), 5 (c) and 7 (d) and absorption spectra of 2 (e), 3 (f), 5 (g) and 7 (h) recorded in 10 mM solution of different THF-
H2O mixtures with increasing percentage of water fraction (fw).
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isolated (less fw) media designated possibility of AIE phenom-
enon (Fig. 7(a–d), ESI Fig. S18(a)†). While in the case of 6, 8, 9
and 10 quenched emissions in an aggregate state marked AIE
inactivity or ACQ effect of dyes (ESI Fig. S18(b–e)†). Further-
more, aggregation-based effects in the dyes 2–10 were evaluated
using UV-Vis (Fig. 7(e and f), ESI Fig. S6†) and uorescence
spectroscopy (Fig. 8(a–d), ESI Fig. S7†).

UV-visible spectra of all the dyes at low fw in THF/water
mixtures reveal an identical CT lmax with decreasing absor-
bance (Fig. 7(e and f), ESI Fig. S6†). While at high fw (�60%/
70%) showed an increase in the absorption intensity with
extended wavelength or level-off tail characteristics in the
visible spectral region (Fig. 7(e and f), ESI Fig. S6†). Such level-
off tails are called “Mie-scattering” which are oen associated
with the formation of nanoparticles due to the hydrophobic
environment created inside a mixture.2,28 Also increased
absorbance at high fw species better conjugation in the
nanoparticles as compared to their counterparts of isolated
species.2
© 2022 The Author(s). Published by the Royal Society of Chemistry
The emission in pure THF media of the dyes 2, 3, 5 and 7 are
a result of CT transition (Fig. 8). The gradual addition of water
(10–60%) into THF solutions of 2, 3 and 7, results in adversely
quenched emission (Fig. 8(a, b, d, e, f and h)). This could be
ascribed by: (i) the solvatochromic effect due to increased
polarity inside the mixture (ii) conformation changes and the
conversion of CT to TICT state, usually associated with non-
radiative quenching process leading to ‘dark state’.2a–c,15

Further addition of high fw (70%) creates a hydrophobic envi-
ronment due to insolubility of dyes in water leading to the
formation of emissive nanoparticles inside the THF/H2O
mixture (Fig. 8(a, b, d, e, f and h)). The formation of nano-
particles at 70% fw considerably restricts the intramolecular
rotation (RIR), which limits the ICT effect, blocks the non-
radiative channel and boosts up the emission intensity in an
aqueous mixture.2,15 Hence entitles AIE effect in dyes 2, 3 and 7.

Also, nearly matching solid lm emission wavelength with
the aggregate emission formed at 70% fw depicts the formation
of emissive nanoparticles at higher water fw and AIE activity.2,15

However, the extent of AIE activity in 3 is comparatively weaker
RSC Adv., 2022, 12, 6888–6905 | 6895
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Fig. 8 Emission spectra of 2 (a), 3 (b), 5 (c) and 7 (d) recorded in 10 mM solution of THF–H2Omixture with increasing percentage of water fraction
(fw). Plot of percentage quantum efficiency and emission intensity vs. percentage of water fractions (fw) of 2 (e), 3 (f), 5 (g) and 7 (h) in the THF/
water mixture.
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than in 2 and 7. Moreover, at 80% and 90% fw decrease in
emission could be due to different physical constraints of the
molecules, changes in morphological structure, random
molecular packing, and the variable size of particles formed in
the aggregate state.2a–c,15

The presence of nanoparticles and their hydrodynamic
average size in THF/H2O homogeneous suspensions of dyes
were conrmed by the dynamic light scattering (DLS) data
(Fig. 9, ESI Fig. S9–S17†). The low polydispersity indices (PDI)
(except 10) obtained from DLS also conrmed the homogeneity
of the homogeneous suspensions (Fig. 9, ESI Fig. S9–S17†). The
hydrodynamic average size of nanoparticles formed in 70–90%
fw of the THF/H2O mixture of the dyes 2 (132, 327, 328 nm), 3
(102, 165, 290 nm) and 7 (127, 156, 266 nm), suggested size-
dependent emission behavior upon aggregation (Fig. 9(a,
b and d), ESI Fig. S9, S10, S14†). Also, the FEG-SEM image of
nanoparticles formed in 70% fw of THF–H2Omixture of 7 shows
a circular morphology, with amean diameter of about 24–35 nm
(Fig. 10).
6896 | RSC Adv., 2022, 12, 6888–6905
In the case of dye 5, emissions get quenched with the addi-
tion of water from 10% to 50% fw. Aerward, gradual
enhancement in the emission with the addition of 60% to 80%
fw could be due to the hydrogen bond-assisted AIE effect in dye 5
(Fig. 8(c and g)).2a–c,15 H-bonds between water molecules and
–NO2 group effectively stiffen the conformation of dye and
contribute to the RIM processes leading to AIE activity.2a–c,15

Similarly dye 4 also shows slight emission enhancement at 70–
90% fw compared to quenched emission at 10–60% fw. However,
the strength of emission was quite weak, designating a very
feeble AIE effect (ESI Fig. S7(a), S8(a)†). Besides, similar to dyes
2, 3 and 7; a variation in the emission intensity with the size of
nanoparticles formed in aggregated media of 4 (70–90% fw are
131, 464, 662 nm) (ESI Fig. S11†) and 5 (60–90% fw are 694, 164,
100, 204 nm) (Fig. 9(c) and ESI Fig. S12†) was observed. While
dye 10 shows a subsequent decrease in emission with the
gradual addition of water suggesting the ACQ phenomenon (ESI
Fig. S7(e) and S8(b)†). Also observed higher PDI value at high fw
in THF solvent of 10, attribute a very broad or multiple particle
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DLS plots of 2 (a), 3 (b), 5 (c) and 7 (d) obtained from 70%/80% fw of THF–H2O suspension.

Fig. 10 FEG-SEM image of 7 obtained from 70% fw of THF–H2O
suspension.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

1 
M

ar
ch

 2
02

2.
 D

ow
nl

oa
de

d 
on

 1
0/

30
/2

02
5 

4:
52

:3
8 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
size distribution due to fast agglomeration of molecules in that
media and hence evident the ACQ effect (Fig. S17†).3d,29

Furthermore, the quantum efficiency in 2, 3 and 7 decreases
from 10% to 60% fw, aer that, a rise in fF at 70% fw designates
the AIE effect (Fig. 8(e, f and h)). Similarly, the case of 4 (ESI
Fig. S8(a)†) and 5 (Fig. 8(g)) shows a rise in quantum efficiency
from 70–90% fw and 60–90% fw, compared to the values at low fw
suggesting the AIE effect. But the obtained very low fF at high fw
of dyes 4 and 5 compared to 2, 3 and 7 further demonstrate
a very weak AIE effect. While molecule 10 shows a decrease in fF

at high water fraction proposing the ACQ phenomenon (ESI
Fig. S8(b)†).

In the case of dye 6 nonemissive nature at the aggregate state
and AIE inactivity could be due to the inability of the molecule
© 2022 The Author(s). Published by the Royal Society of Chemistry
to restrain photoisomerization of the azo (–N]N–) core at the
aggregate state.17,26 While AIE inactivity in molecules 8 and 9
could be justied by the covalent locking of donor phenyl ring
by oxygen and sulphur, respectively. Here, the RIR process does
not work in the aggregate state as its donor phenyl ring rota-
tions are already locked by the “O/S” bridges, and hence its
emission at high fw is not enhanced and AIE inactivity for these
dyes are observed.2a,7b,30 While the formation of nanoparticles in
a homogenous suspension (at high fw) is evident by the pres-
ence of Mie-scattering in absorption spectra (ESI Fig. S6 (b–d)†)
as well as from the hydrodynamic average size obtained from
DLS data (SI Fig. S13, S15, S16†). The hydrodynamic average size
of nanoparticles formed in 70–90% fw of the THF/H2O mixture
for the dye 6 are 200, 206, 402 nm; for 8 are 128, 140, 215,
336 nm and for 9 are 135, 130, 218, 377 nm (ESI Fig. S13, S15,
S16†). Thus, tuning of donor amines alters the aggregation-
based AIE property in dyes 2–10.
Electrochemical properties

The redox behavior and associated HOMO and LUMO energy
levels of 1–10 were studied using cyclic voltammetry (CV). Redox
behavior of 2 and 5 are shown in Fig. 11 (for other ESI Fig. 19†)
and the relevant electrochemical data are presented in Table 3.
Cyclic voltammogram of 1 shows no oxidation peak (ESI
Fig. S19†), however, the C–N linkage in 2–10 induces oxidation
potential and established strong D–A interaction. As a result, on
the anodic sweep, three/two quasi-reversible waves in the range
of 0.79–1.62 V are observed for 2–10 (Fig. 11, ESI Fig. 19 and
Table 3†). This is attributed to the oxidation of diarylamine/
heterocyclic amines coupled with pyrido[2,3-b]pyrazine moiety.
RSC Adv., 2022, 12, 6888–6905 | 6897
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Fig. 11 Cyclic voltammograms (full scan) of 2 and 5.

Table 3 Electrochemical data of 1–10

Dye Epeakoxi
a Epeakred

b HOMOc LUMOd EECg
e

1 — �1.02, �1.33 �6.67f �3.66 3.01
2 1.10, 1.33, 1.52 �1.05, �1.53 �5.63 �3.66 1.97
3 1.15, 1.52 �1.05, �1.52 �5.72 �3.65 2.07
4 0.79, 1.01, 1.49 �1.05, �1.65 �5.34 �3.67 1.67
5 1.30, 1.40, 1.62 �1.00, �1.36, �1.61 �5.87 �3.70 2.17
6 1.14, 1.62 �1.06, �1.45, �1.72 �5.72 �3.63 2.09
7 1.41, 1.62 �1.10, �1.34 �5.97 �3.61 2.36
8 0.82, 0.98, 1.58 �1.04, �1.32 �5.41 �3.65 1.76
9 0.79, 0.95, 1.51 �1.03, �1.73 �5.35 �3.66 1.69
10 1.03, 1.37, 1.58 �1.02, �1.63 �5.62 �3.67 1.95

a Epeakoxi oxidation peak potential (V). b Epeakred reduction peak potential (V).
c HOMO energy level calculated from EHOMO ¼ � [Epeakoxi � Eredox (Fc/Fc

+)
+ 5.1] eV. d LUMO energy level calculated from ELUMO ¼ �[Epeakred � Eredox
(Fc/Fc+) + 5.1] eV. e EECg calculated from EECg ¼ [HOMO � LUMO] eV.
f HOMO energy of 1 calculated from HOMO (eV) ¼ �(Eoptg �
LUMO) eV (HOMO ¼ �[3.01 � (�3.66)] eV ¼ �6.67 eV).
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Further, the oxidation potential was found strongly depen-
dent on the donation tendency of the donor group, conse-
quently, the oxidation potentials of 2–10 decrease with
increasing donor strength as 4 z 9 > 8 > 10 > 2 > 6 > 3 > 5 > 7
(Table 3). Lower oxidation peak potentials witnessed for mole-
cules 4, 8, 9 (Table 3) are attributed to the presence of the electron-
rich –OCH3 group on the diarylamine moiety in 4 and propensity
of phenoxazine (in 8) and phenothiazine (in 9) to exhibit larger
charge separation with the pyrido-pyrazine acceptor segment (ESI
Fig. S54 (below), S55 (above)†) by the formation of stable radical
cations and anions, leading to a strong donating effect with lower
oxidation potentials as explained by the PET process.19 However,
rigid (cyclic) CBZ substituent on 7 leads to higher oxidation
potential than other derivatives (Table 3), which signies weak
donating strength of CBZ amine.

On the other hand, two quasi-reversible waves were observed
for 1–10 on the cathodic sweep (Fig. 11 and ESI Fig. S19†) cor-
responding to the reduction of pyrido[2,3-b]pyrazine segment.
The extra reduction potential observed for 5 and 6may be due to
the reduction of the electron-withdrawing –NO2 group (in 5) and
–N]N– group (in 6) (Table 3).

In order to monitor interfacial charge transport kinetics of
materials in optoelectronic devices, the highest occupied and
6898 | RSC Adv., 2022, 12, 6888–6905
lowest unoccupied molecular orbitals (HOMO and LUMO) of 2–
10 were calculated from the rst oxidation and reduction
potentials obtained in a cyclic voltammogram. CalculatedHOMO
(�5.34 to �5.97 eV) and LUMO (�3.61 to �3.70 eV) energy levels
(Table 3) of 2–10 were found comparable with the reported
ambipolar materials.31 Ambipolar propensity of 2–10 with low
band gap (1.67 eV to 2.36 eV) signify the injection of both holes
and electron transporting characteristics within a molecule.
Further, the HOMO–LUMO energy value and corresponding
band gap were found to be altered in accordance with their
substituted donor group (Table 3). As a result, compound 4
exhibits a lower band gap (1.67 eV) than other derivatives indi-
cating the inuence of a strong electron-donating group (–OCH3)
on a diarylamine moiety (Table 3). Whereas, the CBZ substituted
derivative 7 shows a higher band gap (2.36 eV) than other
molecules due to the weak electron-donating nature of rigid
carbazole (Table 3). Thus, lower band gap and balanced dual
charge transport properties of 2–10 make them promising
ambipolar materials for organic electronics.
Thermal properties

In order to improve the device performance, good thermal
stability and high decomposition temperatures (above 80 �C) are
required.32 The thermogravimetric analysis (TGA) of 2–10 was
carried out at the temperature range of 30–1000 �Cwith a constant
heating rate of 10 �C min�1 under inert (nitrogen) gas conditions
and amelting point of 2–10were determined by the open capillary
method. Thermograms of 2–10 are displayed in Fig. 12 (right),
revealing the high thermal stability of materials with no weight
loss at low temperatures. Correspondingly, for 2–10, weight losses
between 5% and 10% were found in the range of 140–350 �C and
250–460 �C, respectively. The order of thermal stability of 2–10 is 8
(350 (460)) > 5 (350 (405)) > 6 (350 (378)) > 3 (260 (320)) > 10 (250
(285)) > 7 (240 (440)) > 4 (220 (250)) > 2 (180 (260)) > 9 (140 (260))
(paranthesis: 5(10)% decomposition temperature). Thus, high
thermal stabilities and decomposition temperatures of 2–10 reveal
prospective usage in organic electronics.
Theoretical investigation

The density functional theory (DFT) and time-dependent DFT
(TDDFT) simulations of 1–10 were performed in order to
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 12 Thermogravimetric plot of 1 (left) and 2–10 (right).
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investigate the relationship between geometrical structure and
optoelectronic properties of the dyes. The ground state (S0) and
excited state (S1 and T1) geometries of these emitters were
optimized with Gaussian 03 soware at the B3LYP/6-311++g**
level and detailed parameters (the dihedral/bond angle and
bond length) are listed in ESI Table S11–S20.† The estimated
bond lengths for S0, S1 and T1 geometries of dyes 2–10 were
found lower compared to molecule 1, suggesting push–pull
interaction (ESI Tables S11–S20†) (Fig. 13).

While changing the donor in 2–10, a slight variation in bond
lengths was observed (ESI Tables S12–S20†). Moreover, the
dihedral angle between D and A (pyrido[2,3-b]pyrazine) from S0
geometries of 2–10 were found in the range of 30�–80� and the
bond angle in between pyrido[2,3-b]pyrazine acceptor was
�120� suggesting twisted molecular conformation of dyes (ESI
Tables S12–S20†). Further signicantly altered dihedral angle
with different donor moieties is evident, recommending
a difference in twisting pattern between D–A structure of 2–10.
The comparative variation in S0 geometrical parameters of dyes
2 and 7 is marked on its optimized structure and shown in
Fig. 14. Besides, compared to S0 geometries of 2–10, the struc-
tures at S1 and T1 experienced signicant changes as referred by
larger D(S1–S0)/D(T1–S0) dihedral angles (ESI Tables S12–S20†).
Fig. 13 Correlation diagram showing the ground state (S0) HOMO and LU
singlet-triplet excitation energies (DEST) of 2, 3, 5 and 7 computed at the

© 2022 The Author(s). Published by the Royal Society of Chemistry
Further, the exploration of molecular orbitals (HOMO and
LUMO) distribution are important factors towards computing
DEST and designing effective TADF materials.3 Consequently,
molecular orbitals distribution on the optimized structures at
S0, S1 and T1 state (Fig. 14, ESI Fig S51–S55†) and the singlet
(ES1), triplet (ET1) energies with corresponding DEST (Table 4) for
1–10 were evaluated by the B3LYP/6–311++g** basis set. The
positive and negative wave function distribution on HOMO/
LUMO orbitals is represented by red and blue colours, respec-
tively. At S0, the state molecule 1 shows HOMO fully residing all
over the moiety and LUMO on pyrido[2,3-b]pyrazine acceptor
and partial on phenyl ring leading to larger DEST ¼ 0.48 eV
(Table 4) due to maximum HOMO–LUMO orbitals overlap (ESI
Fig. S51†). While in the case of dyes 2–10, large dihedral angles
between the various donor and pyrido[2,3-b]pyrazine planes
causes separated HOMO and LUMO electron cloud distribu-
tions (ESI Fig S51–S55†) which contributes to achieving
a reduced DEST (0.01–0.23 eV) value compared to 1 (Table 4).

HOMO in 2, 3, 8 and 9 are mainly localized on its donor
diphenylamine (4, 40 position), naphthylphenylamine (4, 40

position), phenoxazine (40 position), phenothiazine (40 position)
respectively and slightly extended to phenyl bridge (ESI Fig. S51,
S52, S54 and S55†). While their LUMO is conned on pyrido[2,3-
MOmolecular orbital distribution, the energy gap, and the difference in
B3LYP/6-311++g** level.

RSC Adv., 2022, 12, 6888–6905 | 6899
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Fig. 14 Variation of geometrical parameters in the optimized geometries of 2 and 7.
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b]pyrazine acceptor and partial on the phenyl bridge (ESI
Fig. S51, S52, S54 and S55†). The observed less overlapping
between HOMO and LUMO wave function for these dyes is
consistent with the principle that the DEST value of a molecule
decreases as the overlap diminishes.3 Consequently, very less
DEST values (0.01, 0.02, 0.01, 0.02 eV) were estimated for these
dyes (Table 4).

In the case of 4, HOMO resides on the 4, 40 position of the
donor extended to the phenyl bridge and pyrido[2,3-b]pyrazine
planes as well as partially on the 7th position of the donor.
Besides LUMO is mainly conned to pyrido[2,3-b]pyrazine
acceptor and partial on phenyl ring (ESI Fig. S52†). Subse-
quently, dye 4 shows slightly greater overlapping and larger
DEST (0.11 eV) (Table 4). Similarly, observed higher HOMO/
LUMO orbital overlap is the cause of larger DEST in 5 (0.17 eV)
6 (0.12 eV) and 7 (0.23 eV) (Table 4, ESI Fig. S53 and S54†). Also,
the computed DEST value for dye 7 (0.23 eV) and 8 (0.01 eV) are
comparable to reported experimental values (0.39 and 0.09 eV,
respectively).8d Further the electron cloud on HOMO in dye 10 is
conned on donor morpholine (4, 40 position), extending to the
phenyl bridge and pyrido[2,3-b]pyrazine planes while its LUMO
is again on acceptor and partial on phenyl ring (ESI Fig. S55†).
As a result, it shows moderate overlapping compared to other
dyes and as expected from the orbital distributions, DEST was
found at 0.07 eV (Table 4).
Table 4 Computed absorption wavelength in various solvents, electro
dipole moments (mg), and singlet (ES1) and triplet energy (ET1) levels of 1–

Dye

lmax (nm)

Ea (eV) Ip (eV) EHOMOToluene THF CHL DCM DMSO

1 388.9 394.0 392.4 394.5 396.7 1.64 7.91 �6.70
2 517.2 534.0 528.8 535.6 542.9 1.15 6.03 �5.16
3 503.0 519.9 514.5 521.5 529.1 1.13 6.01 �5.17
4 544.7 568.0 560.6 570.3 580.8 0.84 5.64 �4.81
5 505.8 523.8 517.9 525.7 534.5 2.16 6.81 �5.98
6 541.3 555.3 551.0 556.7 562.8 1.90 6.09 �5.35
7 497.2 496.1 496.6 495.9 494.9 1.68 6.59 �5.74
8 700.7 686.4 691.4 684.8 676.9 1.83 6.05 �5.14
9 597.2 590.8 593.1 589.9 585.9 1.81 6.24 �5.34
10 457.9 473.6 468.6 475.1 482.3 0.88 6.49 �5.40

6900 | RSC Adv., 2022, 12, 6888–6905
In addition, no direct overlap between the highest occupied
and lowest unoccupied natural transition orbitals at S1 and T1

state designate dominant excited state CT property (Fig. 14, ESI
Fig S51–S55†) and lower DEST values (0.01–0.23 eV) (Table 4) in
2–10.3 Further, CT absorption and other transitions of 2–10,
were evaluated by simulated absorption spectra in various
solvents and gas phases using the TDDFT method (Fig. 15, ESI
Fig. S40(b–e)†).

The absorption wavelengths, oscillator strength (f) and the
vertical electronic transitions of 1–10 in gas and in various
solvents are given in ESI Tables S1–S10.† As desired, among
various types of transition possesses by dyes 2–10, the long-
wavelength (lmax) transitions originated from HOMO /

LUMO or HOMO�2/ LUMO transitions (ESI Tables S2–S10†),
and it is oen referred to as the CT transition.33 This CT tran-
sition is clear evidence for the presence of D–A architecture in
2–10.33

Further, simulated absorption spectra of 2–10 (Fig. 15(a), ESI
Fig. S40(b–e), Tables S2–S10†) on increasing the polarity of
solvent (toluene to DMSO) also show variation in the absorption
lmax (Table 4) analogous to experimental data (Table 1, Fig. 2,
ESI Fig. S4†), suggesting dipole moment changes in the elec-
tronic ground-state by the solvent.15 While self-interaction error
in TDDFT arising from the electron transfer in CT state are the
n affinities, ionization potentials, HOMO–LUMO orbital energies and
10

(eV) ELUMO (eV) Eg (eV) mg (Debye) ES1 (eV) ET1 (eV) DEST (eV)

�3.00 3.70 1.52 23.93 23.45 0.48
�2.27 2.89 2.65 6.67 6.66 0.01
�2.19 2.98 2.16 7.94 7.92 0.02
�2.02 2.79 3.53 8.64 8.53 0.11
�3.05 2.93 6.28 8.50 8.33 0.17
�2.63 2.72 3.11 9.56 9.44 0.12
�2.88 2.86 1.84 6.88 6.65 0.23
�3.05 2.09 1.58 7.28 7.27 0.01
�3.02 2.32 2.64 7.59 7.57 0.02
�2.15 3.25 2.05 4.85 4.78 0.07

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 15 Simulated absorption transition spectra of 2–10 in toluene (a) and gas phase (b) obtained from the B3LYP/6-311++g** basis set.
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causes of red-shied theoretical absorption transitions than the
experimental one.34

The computed HOMO and LUMO energy values for 2–10 are
�4.81 to �5.98 eV and �2.02 to �3.05 eV, respectively (Table 4).
In the dyes 2–10, C–N coupling between donor amines and
acceptor helps to suppress HOMO–LUMO gaps (Eg) (2.09 to 3.25
eV) compared to 1 (3.70 eV) (Table 4). Moreover computed low
band gap in 2–10 (Table 4) indicate good hole and electron
transporting nature. While observed deviation in experimental
and theoretical HOMO–LUMO energies and band gap most
likely designate self-interaction error in the orbital energies
from the ground-state DFT calculation and or the role of solvent
interaction with the molecules.34

Besides, IP and EA values shown in Table 4 were estimated by
the differences in the total energies of the neutral and cationic/
anionic species, respectively. The lowest IP and EA values esti-
mated for 4 in comparison to other compounds reveals strong
donating capability due to the presence of –OCH3 group present
on the diphenylamine donor segment (Table 4). While higher IP
and EA values were obtained for molecule 5 than those for other
dyes indicating strong accepting capability due to the presence
of the –NO2 group present on the diphenylamine donor
segment (Table 4). Small ground state dipole moment exhibited
by all dye (except 5) implies that the dipole vectors cancel one
another out due to their opposite directions. The large dipole
moment obtained for 5 (6.28) (Table 4) was due to the presence
of the polar –NO2 substituent on diphenylamine. The Cartesian
coordinates of optimized structures, Mulliken and Lowdin
charges of 1–10 are given in ESI Tables S21–S30.†
Conclusion

D–A–D structured pyrido[2,3-b]pyrazine amines (2–10) were
synthesized by the Buchwald–Hartwig amination reaction and
investigated for the effect of peripheral amines on their opto-
electrochemical and theoretical properties. C–N coupling in
dyes offers signicant charge transfer (ICT) property and
established D–A building in 2–10. Dyes emit blue–red emissions
in solution and solid-state due to the excited CT state. The
emission property of dyes was found sensitive towards solvent
media used and shows positive solvatochromism. Dyes 2, 3, 4, 5
and 7 possess AIE characteristics and hence could be used as
© 2022 The Author(s). Published by the Royal Society of Chemistry
solid-state emissive materials in organic electronics. Dyes 2–10
show the formation of nanoparticles at high fw in the THF/H2O
mixture as conrmed from DLS and FEG-SEM. In addition, the
C–N linkage in dyes controls the oxidation potential, which
leads to a reduction in HOMO–LUMO energy band gaps (1.67 to
2.36 eV) and the energy values are comparable with reported
ambipolar materials. The thermal stabilities of dyes are found
good. Further, the DFT/TDDFT method helps to understand: (i)
the extent of push–pull (D–A) interaction in the dyes (ii) degree
of twisting on the basis of the dihedral angle between all the
aromatic rings in the dyes (iii) tuning of the optoelec-
trochemical properties was based on the relative strength of
donor (iv) correlation of distribution of electron cloud depen-
ded on HOMO and LUMO orbital and DEST. Computed small
DEST revealed possible TADF characteristics of dyes. Thus,
experimental and theoretical results indicate that these mole-
cules have the potential to be used in various optoelectronic
applications.

Experimental section
Chemicals and materials

Sigma Aldrich and Alfa Aesar were the commercial sources of all
materials and reagents used. HPLC and spectroscopic grade
organic solvents were dried using standard procedures and
handled in a moisture-free atmosphere. SD ne silica gel (60–
120 mesh) with eluent n-hexane and chloroform were used for
the column chromatography experiment. The progress of reac-
tions and purity of the compounds were checked using thin-
layer chromatography (TLC) on silica gel coated glass plates,
visualized using UV light (365 nm) and an iodine chamber.

Instrumentation and methods

UV-visible spectra of all compounds were recorded in
10�5 mol L�1 solutions in a 1 cm path length quartz cuvette and
a solid lm on a SHIMADZU UV-2401PC at room temperature.
The solid lms of 2–10 were prepared on quartz glass plate
substrate using a spin coater (Holmarc HO-TH-05) at 1000 rpm
for 2 min with approximately 6 mg mL�1 of sample in chloro-
form solvent. The emission spectra were measured using
a SHIMADZU RF-5301PC uorescence spectrophotometer. The
uorescence quantum yields of dyes 2–10 were calculated using
RSC Adv., 2022, 12, 6888–6905 | 6901
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quinine sulfate (ff ¼ 0.54 in 0.5 M H2SO4). AIE study was con-
ducted using 10�5 mol L�1 THF/H2O solutions with different
percentages of water fractions using a similar UV-visible and
uorescence spectrophotometer. Hydrodynamic particle sizes
were obtained from DLS analysis using a Zetasizer (7.12)-
MAL1180779. The exact nanoparticles size and morphology of
dye 7 were determined by FEG-SEM analysis using the JSM-
7600F instrument. Cyclic voltammetry (CV) studies were
carried out on a computer-controlled PalmSens3 potentiostat or
galvanostat instrument. The CV measurement was carried out
with a scan rate of 100 mV s�1 at room temperature in anhy-
drous dichloromethane (DCM) solution using tetrabuty-
lammonium hexauorophosphate (TBHP) (0.1 M) as
a supporting electrolyte. The cell assembly was set up with
a three-electrode system as non–aqueous Ag/AgCl (reference)
electrode, platinum (Pt) wire (counter electrode) and carbon
glassy (working) electrode. The potential of the Ag/AgCl refer-
ence electrode was calibrated using the ferrocene/ferrocenium
redox couple with the known oxidation potential of +5.1 eV.
The thermogravimetric analysis (TGA) was performed using
a Metler Toledo instrument (TG) under nitrogen atmosphere.
1H and 13C NMR spectra were recorded using CDCl3 on a Varian
UltraShield spectrometer with tetramethylsilane (TMS) as an
internal reference at a working frequency of 400 MHz and 100
MHz, respectively. Fourier transform infrared (FT-IR) spectra
were recorded using solid powder samples on a PerkinElmer
Frontier 91579. Mass spectrometric measurements were recor-
ded using MALDI-TOF (Bruker) and elemental analysis was
performed on an EA Euro-elemental analysis instrument.
Melting points were recorded in silicon oil bath using the
ANALAB melting point apparatus.

Synthetic procedures

Synthetic procedure for 7-bromo-2,3-bis(4-bromophenyl)
pyrido[2,3-b]pyrazine (1). Amixture of 4,40-dibromobenzil (1.5 g,
1 mmol) and 5-bromo-2,3-diaminopyridine (0.77 g, 4.07 mmol)
was reuxed for 3 hours in 10 mL glacial acetic acid. Aerwards,
the reaction mixture was added dropwise in cold distilled water
to obtain crude solid and then puried by column
chromatography.

Light yellow solid, eluent n-hexane : chloroform: 40 : 60,
yield: 2.00 g (93%), m. p.: 190 �C, FT-IR (solid, nmax/cm

�1): 3030,
2922 (Ar. ]C–H str), 1585, 1486 (Ar. –C]C str), 1325 (C–N str),
1062 (Ar. –C–H bend), 817 (C–Br); 1H NMR (400 MHz, CDCl3):
d (ppm) ¼ 9.17 (s, 1H, ArH), 8.65 (d, 1H, ArH, J ¼ 2.4 Hz), 7.55–
7.41 (m, 8H, ArH), 7.26 (s, 1H, ArH (1H due to residual CHCl3 in
CDCl3)). MALDI-TOF: mass calcd for C19H10Br3N3 [M

+]: 520.01,
found: 519.60; elemental anal. calcd for C19H10Br3N3: C 43.88, H
1.94, N 8.08%, found: C 43.84, H 2.02, N 8.00%.

General synthetic procedure for 2–10

A mixture of compound 1 (0.2 g, 0.385 mmol) and various
diarylamine/heterocyclic amines (1.3 mmol) were dissolved in
anhydrous toluene (30 mL) with catalyst Pd2(dba)3 (20 mg, 0.02
mmol), reagent SPhos (20 mg, 0.04 mmol) and base t-BuONa
(150 mg, 1.50 mmol). The reaction mixture was heated at 110 �C
6902 | RSC Adv., 2022, 12, 6888–6905
under the nitrogen atmosphere for 5–12 hours with continuous
stirring. The progress of the reaction mixture was continuously
monitored through the TLC method. Aerwards, the mixture
was cooled to room temperature and extracted with chloroform
(3 � 50 mL) followed by water washing (3 � 50 mL). All the
organic layers were combined and dried over anhydrous Na2SO4

and evaporated to afford the crude product, which was further
puried by silica gel column chromatography (eluent : n-hex-
ane : chloroform) to obtain yellow-red solids.

4,40-(7-(Diphenylamino)pyrido[2,3-b]pyrazine-2,3-diyl)
bis(N,N-diphenylaniline) (2). Orange solid, eluent n-hexane : -
chloroform: 30 : 70, yield: 140 mg (46.66%), m. p.: 145 �C. FT-IR
(solid, nmax/cm

�1): 3034 (Ar. ]C–H str), 1585, 1486 (Ar. –C]C
str), 1332 (C–N str), 1266, 1165, 1066, 692 (Ar. –C–H bend); 1H
NMR (400 MHz, CDCl3): d (ppm)¼ 8.92 (s, 1H, ArH), 7.88 (s, 1H,
ArH), 7.56–6.99 (m, 39H, ArH) (1H extra due to residual CHCl3
in CDCl3);

13C NMR (100 MHz, CDCl3): d (ppm) ¼ 154.988,
149.324, 147.737, 147.018, 139.090, 131.386, 130.720, 130.236,
129.794, 125.729, 125.273, 123.662, 122.280, 122.071, 121.414;
MALDI-TOF: mass calcd for C55H40N6 [M+]: 784.95, found:
785.23; elemental anal. calcd for C55H40N6: C 84.16, H 5.14, N
10.71%, found: C 84.23, H 5.10, N 10.65%.

N,N'-((7-(Naphthalen-1-yl(phenyl)amino)pyrido[2,3-b]
pyrazine-2,3-diyl)bis(4,1 phenylene))bis(N-phenylnaphthalen-1-
amine) (3). Dark orange solid, eluent n-hexane : chloroform:
50 : 50, yield: 164 mg (45.68%), m. p.: 155 �C. FT-IR (solid, nmax/
cm�1): 3037 (Ar.]C–H str.), 1587, 1493 (Ar. –C]C str), 1357 (C–
N str), 1264, 1175, 1072, 772, 694 (Ar. –C–H bend); 1H NMR (400
MHz, CDCl3): d (ppm)¼ 9.18 (s, 1H, ArH), 8.99 (s, 1H, ArH), 8.69
(s, 1H, ArH), 7.98–7.80 (m, 29H, ArH), 7.57–7.46 (m, 10H, ArH),
6.85–6.81 (m, 4H, ArH); 13C NMR (100 MHz, CDCl3): d (ppm) ¼
156.368, 155.194, 152.548, 149.483, 143.036, 140.873, 134.207,
131.785, 131.567, 129.419, 127.265, 126.794, 124.149, 119.631,
116.512, 116.291, 116.024, 108.866; MALDI-TOF: mass calcd for
C67H46N6 [M

+]: 935.12, found: 934.74; elemental anal. calcd for
C67H46N6: C 86.05, H 4.96, N 8.99%, found: C 85.99, H 5.05, N
8.93%.

4,40-(7-(Bis(4-methoxyphenyl)amino)pyrido[2,3-b]pyrazine-
2,3-diyl)bis(N,N-bis(4-methoxyphenyl)aniline) (4). Reddish
solid, eluent n-hexane : chloroform: 20 : 80, yield: 154 mg
(41.09%), m. p.: 140 �C. FT-IR (solid, nmax/cm

�1): 3057 (Ar. ]C–
H str), 2920 (Aliph. –C–H str), 1587, 1505, 1440 (Ar. –C]C str),
1348 (C–N str), 1242, 1010, 827 (Ar. –C–H bend); 1H NMR (400
MHz, CDCl3): d (ppm) ¼ 8.86 (s, 1H, ArH), 8.74 (s, 2H, ArH),
7.57–6.86 (m, 32H, ArH) (1H extra due to residual CHCl3 in
CDCl3), 3.86 (s, 18H, ArH, –OCH3);

13C NMR (100 MHz, CDCl3):
d (ppm) ¼ 158.722, 150.717, 143.914, 139.908, 139.202, 132.358,
131.896, 129.554, 127.898, 125.998, 117.513, 116.546, 115.177,
114.697, 55.828; MALDI-TOF: mass calcd for C61H52N6O6 [M

+]:
965.10, found: 965.09; elemental anal. calcd for C61H52N6O6: C
75.91, H 5.43, N 8.71%, found: C 75.83, H 5.50, N 8.74%.

4,40-(7-((4-Nitrophenyl)(phenyl)amino)pyrido[2,3-b]pyrazine-
2,3-diyl)bis(N-(4-nitrophenyl)-N-phenylaniline) (5). Orange
solid, eluent n-hexane : chloroform: 30 : 70, yield: 232 mg
(65.72%), m. p.: 212 �C. FT-IR (solid, nmax/cm

�1): 3058 (Ar. ]C–
H str), 1581, 1488 (Ar. –C]C str./–NO2 str), 1304 (C–N str), 1171,
1108, 836, 749, 692 (Ar. –C–H bend); 1H NMR (400 MHz, CDCl3):
© 2022 The Author(s). Published by the Royal Society of Chemistry
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d (ppm) ¼ 9.03 (s, 1H, ArH), 8.20 (d, 2H, ArH, J ¼ 8.8 Hz), 8.09–
8.05 (m, 7H, ArH), 7.67–7.02 (m, 28H, ArH) (1H extra due to
residual CHCl3 in CDCl3);

13C NMR (100 MHz, CDCl3): d (ppm)
¼ 153.807, 152.782, 147.737, 145.508, 143.005, 141.080,
134.067, 131.842, 131.254, 130.625, 128.065, 127.777, 126.782,
126.484, 125.845, 125.190, 121.688, 120.137; MALDI-TOF: mass
calcd for C55H37N9O6 [M+]: 919.94, found: 920.17; elemental
anal. calcd for C55H37N9O6: C 71.81, H 4.05, N 13.70%, Found C
71.77, H 4.12, N 13.65%.

4,40-(7-(Phenyl(4-((E)-phenyldiazenyl)phenyl)amino)pyrido
[2,3-b]pyrazine-2,3-diyl)bis(N-phenyl-N-(4-(phenyldiazenyl)
phenyl)aniline) (6). Red solid, eluent n-hexane : chloroform:
10 : 90, yield: 192 mg (45.60%), m. p.: 151 �C. FT-IR (solid, nmax/
cm�1): 3036 (Ar.]C–H str), 1586, 1489 (Ar. –C]C str), 1334 (C–
N str), 1257, 1138, 1063, 686 (Ar. �C–H bend); 1H NMR (400
MHz, CDCl3): d (ppm) ¼ 9.03 (s, 1H, ArH), 7.91–7.86 (m, 11H,
ArH), 7.54–7.11 (m, 40H, ArH); 13C NMR (100 MHz, CDCl3):
d (ppm) ¼ 152.723, 149.771, 149.199, 148.377, 148.214, 147.870,
146.370, 145.353, 141.992, 131.714, 131.433, 131.289, 131.088,
130.968, 130.900, 130.388, 129.734, 129.127, 129.076, 126.274,
126.217, 126.133, 126.065, 124.888, 124.716, 124.373, 124.144,
123.537, 123.158, 123.098, 122.805, 122.612; MALDI-TOF: mass
calcd for C73H52N12 [M+]: 1097.27, found: 1097.31; elemental
anal. calcd for C73H52N12: C 79.91, H 4.78, N 15.32%, found: C
79.82, H 4.88, N 15.27%.

9,90-((7-(9H-Carbazol-9-yl)pyrido[2,3-b]pyrazine-2,3-diyl)
bis(4,1-phenylene))bis(9H-carbazole) (7). Yellow solid, eluent n-
hexane : chloroform: 50 : 50, yield: 188 mg (62.87%), m. p.:
>300 �C. FT-IR (solid, nmax/cm

�1): 3051 (Ar. ]C–H str), 1593,
1448 (Ar. –C]C str), 1326 (C–N str), 1226, 1161, 745 (Ar. –C–H
bend); 1H NMR (400 MHz, CDCl3): d (ppm) ¼ 9.60 (s, 1H, ArH),
8.85 (s, 1H, ArH), 8.25–8.00 (m, 8H, ArH), 7.77–7.28 (m, 24H,
ArH); 13C NMR (100 MHz, CDCl3): d (ppm) ¼ 155.798, 154.924,
153.425, 140.424, 140.112, 139.511, 137.141, 131.709, 127.115,
126.247, 124.751, 124.139, 122.030, 121.420, 120.848, 109.709;
MALDI-TOF: mass calcd for C55H34N6 [M+]: 778.90, found:
779.21; elemental anal. calcd for C55H34N6: C 84.81, H 4.40, N
10.79%, Found C 84.75, H 4.34, N 10.88%.

10,100-((7-(10H-Phenoxazin-10-yl)pyrido[2,3-b]pyrazine-2,3-
diyl)bis(4,1-phenylene))bis(10H-phenoxazine) (8). Dark red
solid, eluent n-hexane : chloroform: 40 : 60, yield: 244 mg
(76.97%), m. p.: 202 �C. FT-IR (solid, nmax/cm

�1): 3054 (Ar. ]C–
H str), 1591, 1482 (Ar. –C]C str), 1334 (C–N str), 1267, 1032,
735, 620 (Ar. –C–H bend); 1H NMR (400 MHz, CDCl3): d (ppm) ¼
9.26 (s, 1H, ArH), 8.70 (s, 1H, ArH), 7.91 (dd, 7H, ArH, J ¼ 8 Hz),
6.86–6.56 (m, 25H, ArH); 13C NMR (100 MHz, CDCl3): d (ppm) ¼
157.491, 156.283, 144.587, 143.970, 133.779, 132.973, 132.638,
131.190, 130.949, 123.559, 123.454, 123.414, 123.319, 123.141,
121.780, 116.420, 115.699, 113.913, 113.263, 113.136; MALDI-
TOF: mass calcd for C55H34N6O3 [M+]: 826.90, found: 827.23;
elemental anal. calcd for C55H34N6O3: C 79.89, H 4.14, N
10.16%, found: C 79.80, H 4.20, N 10.21%.

10,100-((7-(10H-Phenothiazin-10-yl)pyrido[2,3-b]pyrazine-2,3-
diyl)bis(4,1-phenylene))bis(10H-phenothiazine) (9). Orange
solid, eluent n-hexane : chloroform: 10 : 90, yield: 191 mg
(56.67%), m. p.: 170 �C. FT-IR (solid, nmax/cm

�1): 3056 (Ar. ]C–
H str), 1582, 1458 (Ar. –C]C str), 1342 (C–N str), 1231, 1168,
© 2022 The Author(s). Published by the Royal Society of Chemistry
829, 739 (Ar. –C–H bend); 1H NMR (400 MHz, CDCl3): d (ppm) ¼
9.05 (s, 1H, ArH), 8.12–8.00 (m, 1H, ArH), 7.55–7.28 (m, 33H,
ArH (1H extra due to residual CHCl3 in CDCl3));

13C NMR (100
MHz, CDCl3): d (ppm) ¼ 152.803, 150.086, 143.695, 140.976,
133.797, 133.695, 132.588, 132.121, 131.848, 131.457, 129.614,
127.109, 123.621, 116.184, 111.883, 109.831; MALDI-TOF: mass
calcd for C55H34N6S3 [M+]: 875.09, found: 875.19; elemental
anal. calcd for C55H34N6S3: C 75.49, H 3.92, N 9.60%, found: C
75.55, H 3.88, N 9.66%.

4,40-((7-Morpholinopyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-
phenylene))dimorpholine (10). Dark orange solid, eluent-
chloroform, yield: 201 mg (97.57%), m. p.: 142 �C. FT-IR
(solid, nmax/cm

�1): 3049 (Ar. ]C–H str), 2848 (Aliph. –C–H
str), 1595, 1447 (Ar. –C]C str), 1372 (C–N str), 1233, 1110, 925,
825, 597 (Ar. –C–H bend); 1H NMR (400 MHz, CDCl3): d (ppm) ¼
8.97 (d, 1H, ArH, J ¼ 2.4 Hz), 7.64–7.28 (m, 9H, ArH (1H extra
due to residual CHCl3 in CDCl3)), 6.61 (d, 1H, ArH, J ¼ 8.4 Hz),
3.94 (t, 12H, ArH, J ¼ 4.4 Hz), 3.42 (t, 4H, –CH2, J ¼ 4.3 Hz), 3.26
(t, 8H, –CH2, J ¼ 4.5 Hz); 13C NMR (100 MHz, CDCl3): d (ppm) ¼
158.109, 150.246, 147.480, 132.899, 131.541, 130.878, 129.455,
116.750, 115.820, 103.591, 66.560, 48.280; MALDI-TOF: mass
calcd for C31H34N6O3 [M+]: 538.64, found: 539.06; elemental
anal. calcd for C31H34N6O3: C 69.12, H 6.36, N 15.60%, found: C
69.04, H 6.42, N 15.65%.

Preparation of nanoaggregates/nanoparticles. The reported
procedure used for formation of organic nanoparticles in
a mixture of good (e.g. THF) and poor (e.g. H2O) solvents.35 In
a 5 mL volumetric ask, aliquots of 10�4 M stock THF solutions
were transferred. Further, series of 10�5 M solutions were
prepared by varying percentages of water content (0–90 vol%) in
the appropriate amount of added THF solvent. The photo-
physical measurements of the resultant solutions were then
performed immediately.

Theoretical section. DFT and time-dependant density func-
tional theoretical (TD-DFT) calculations on the molecules 1–10
were performed using the Gaussian 03 soware package.36 The
geometry of the ground state structure was determined by using
B3LYP37,38 as exchange–correlation functional (XC) and the 6–
311++g** basis set. Further, to assess the structures were indeed
in the ground state, the frequency calculations were performed
using the same XC and basis set. UV-VIS spectra were calculated
in the gas phase via TD-DFT. A Polarizable Continuum Model
(PCM)39 was used to include the effects of solvents–toluene,
dichloromethane, chloroform, tetrahydrofuran, and dime-
thylsulphoxide. Using HOMO–LUMO, the intramolecular
charge distribution was determined and visualized using
VESTA;40 red represents positive, and blue represents negative.
1/10 of the maximum value of the isosurface is the iso value for
all the molecules. Partial atomic charges on the atoms were
estimated using Mulliken41 and Lowdin42 charge analysis. DEST
was calculated as ES1 � ET1, where ES1 and ET1 are the energies
of the lowest singlet (S1) and lowest triplet (T1) excited state,
respectively. The energies are obtained by optimizing the
structures in excited states. All the calculations were performed
using the same XC and on the above-mentioned set basis,
including the calculation of HOMO–LUMO gap, electron-
affinity and ionization potential.
RSC Adv., 2022, 12, 6888–6905 | 6903
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