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Pralok K. Samanta1, Pachaiyappan Rajamalli*2 and Manab Chakravarty*1

1Department of Chemistry, BITS-Pilani Hyderabad Campus, Hyderabad-500078, India, 

2Materials Research Centre (MRC), Indian Institute of Science (IISc) Bangalore 560012, India

ABSTRACT:

There is an exigent demand of establishing a systematic strategy of supramolecular 

engineering to embrace an extraordinary tuning of desired emissions from the functional 

fluorescent organic materials. Simultaneous emission modulation in solids, aggregates, 

solvents, and viscous media is highly onerous with several photophysical pitfalls therewithal. 

Present research has coined a design concept in which bridged oxo/thioethers are conjugated 

to a highly twisted molecular core, generating multisite nonplanarity within the molecular 

system. Moreover, the non-covalent interactions and slip-stack angles could be altered by 

reducing or expanding the heterocycle. Further, alterations to the present heteroatom result in 

various molecular packing patterns, including H, herringbone-H*, X, and charge-transfer (CT)-

mediated J-type. Nevertheless, the fluorophore's polarizability, electronic conjugation, and 

conformation can be systematically regulated to tune a wide range of emission from blue to 

red. Indeed, we achieved a 118 nm emission tuning in solids, 150 nm emission modulation in 

aggregates, and 100 nm emission alteration in the viscous medium. Moreover, a 99 nm to 150 

nm solvatochromic shift was attained for some fluorophores. Different emissions from 

aggregates and the viscous medium were also detected, and excimer formation was possible 

for some fluorophores, particularly in aggregates. However, a noncytotoxic orange-red 
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emitting fluorophore was applied in a solution-processed yellow OLED (organic light emitting 

device) device fabrication to realize its further utility. 

KEYWORDS: Heteroatom and ring-size alteration; supramolecular engineering; emission 

tuning in solids, solvents, aggregates, viscous medium; OLED fabrication

1. INTRODUCTION

Supramolecular modification is highly entrancing for organic fluorescent materials and 

has become an eccentric strategy to achieve omnipresent emissions in solids and solutions. 

Even though this omnipresent emission in solids, solutions, aggregates, and viscous media is 

alluring, it often faces formidable challenges due to mutually exclusive photophysical 

principles.1,2 Nevertheless, an omnipresent emission from a fluorophore strongly suggests it 

serves different aspects of optoelectronic and biological applications.3,4 Over time, reports 

featuring solid and solution-state emitting fluorophores seemed incremental, while some 

noteworthy modular design concepts have been established earlier to receive emission tuning 

in solids and solutions.5 For instance, by attaching flexible alkyl chains in the 7-diphenyl-

benzo[1,2,5]thiadiazole-based conjugates, the closely packed molecular architecture could 

effectively be isolated to suppress π-π stacking and result in a strong emission in aggregates 

and solvents.6 Moreover, an anthracene and phenothiazine/triphenylamine-based twisted 

asymmetrical molecular framework with a supple alkyl chain could offer enhanced rigidity in 

dense medium to arise radiative relaxation leading to display bright emission in solids, 

aggregation- and viscocity-induced blueshifted emission, along with notable solvatochromism 

due to the favorable outputs of several quantum chemical descriptors.7 A ‘V’-shaped 

herringbone packing originated from an anthracene-indole-based multisite-twisted 

fluorophore, with all its molecular parts aligning at different planes, turned out as a highly 

desired design for emission enhancement in aggregates, along with 
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mechano/acidofluorochromism in the solid state.8 Excited state conformational planarization 

with reduced dihedral angle between the donor and acceptor of a triphenylamine and 

benzoindolone-based system earlier could offer a brilliant solid and solution state emission 

display.9 Also, complementary flexibility and symmetry of benzotriazole-based molecules 

could produce a highly twisted structure with strong emission in the solid state and solvents for 

its reorientable and polarizable components of the molecular architecture.10 Lately, 

fluorophores containing bridged oxo- and thioethers11 or halogenated bridged ethers12 have 

garnered ardent attention due to their scope of supramolecular modulation in furnishing 

emission tuning. By introducing heteroatoms into their apparent planar systems, numerous 

crystal packing and non-covalent interactions could be generated to produce promising 

emitters. Indeed, these fluorophores experienced suitable deviation in the planarity, especially 

at the junction of the heteroatom/s to relinquish π-π stacking. Moreover, a proper electronic 

and charge distribution, as well as excited state planarity, root mean square displacement 

(RMSD), and reorganization energy, allowed them to exhibit strong emissions in solvents as 

well.11-13 While those reports had been inspiring, small but highly twisted molecules with 

bridged oxo/thioethers have been rarely reported to date, especially where emission tuning is 

possible in solids, solvents, aggregates, and viscous media simultaneously, based on a common 

strategy applied to the basic molecular structure. 

In our present work, we have conjugated bridged oxo/thio-ether-based heterocyclic part 

with naphthalene and dicyano-substituted ethylene moiety to play with the planarity at different 

sites of the resulting molecular system (Fig. 1). Hence, the naphthalene and the dicyano-

substituted vinylene become the common scaffolds for all the designed probes. However, the 

heterocyclic part and the naphthalene form certain dihedral angles that can be varied with the 

alteration of the existing heteroatom(s) and the ring size of the heterocycle. Replacing the 

present heteroatom also modulates the planarity of the heterocyclic part. Thus, the overall 
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molecular system becomes nonplanar at multiple sites; herein, we report a new class of five 

different fluorophores: DBFNCN, DBTNCN, OXNCN, PONCN, and TANCN. 

Fig. 1 Outline of the present work on supramolecular engineering resulting in emission tuning

Earlier, OXNCN was identified as a potent lipid droplets-targeted bioimaging probe 

for cancer cell discrimination,14 but properties of the remaining fluorophores were not 

investigated in detail. Meanwhile, this thoughtful design resulted in excellent supramolecular 

modulation, enabling significant emission artistry simultaneously in solids, solvents, 

aggregates, and viscous media; and, to the best of our knowledge, possibly for the first time for 

any vinylene-type fluorophores. In solids, alterations in heteroatom types and ring sizes result 

in different types of possible crystal packing, with variations in non-covalent interactions and 

slip-stack angles. In solvents, the change in heteroatom(s) and ring size again culminated in 

various possibilities for the extent of excited state planarity relaxation, HOMO-LUMO 

distribution, natural transition orbital (NTO) contribution, RMSD from the S0 to S1 state, and 
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emission oscillator strength. Moreover, different types of aggregates were formed to afford 

tuneable aggregation-induced emission (AIE) from these fluorophores. For all of them, the AIE 

effect was observed to be very close to their solid-state emission. However, their viscosity 

responsiveness again was different based on the present heteroatom and the ring size of the 

heterocyclic part. Surprisingly, in most cases, the viscosity-induced emission (VIE) was found 

to be different from their AIE effect. It clearly indicates that the AIE mechanism may not 

resemble the VIE mechanism in certain exceptional cases, reported herein. In fact, the 

heteroatom replacement and ring size variation led to varying extents of suppression of twisted 

intramolecular charge transfer (TICT) through aggregate formation. However, in a viscous 

medium, the nonplanar architecture led to planarity-induced charge transfer (PICT) in the 

excited state, resulting in competition between TICT and PICT. This could further tune the VIE 

emission by adjusting the dihedral angle between the heterocyclic core and the vinylenyl 

naphthalene unit. All these observed photophysical phenomena were analyzed and explained 

through single-crystal analysis, DFT/TD-DFT calculations, and relevant and supporting 

scientific experiments. 

To realize a real-world application, TANCN was utilized in the solution-processed 

fabrication of OLEDs. It is worth noting that TANCN is non-cytotoxic and exhibits an orange-

red emission, making it a suitable choice for OLED fabrication. 

2. RESULTS AND DISCUSSION

2.1 Molecular engineering and synthesis

The designed molecules have a heterocyclic part and naphthalene, connected to strong 

electron-withdrawing ‘dicyano’ cores through a π-spacer (Fig. 2). The heterocyclic scaffolds 

are chosen with the heteroatom(s) (mainly S or O) replacement scope, offering a modular 

bridged ether system with a controlled ring planarity, polarizability alteration, and variation in 

electronic distribution and orbital contribution. 
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Fig. 2 Strategy of molecular engineering to tune the emission profiles

The peripheral naphthalene was introduced to introduce torsion into the heterocycle, thereby 

further ensuring a nonplanar, multisite-twisted system. This would be crucial for creating 

different molecular conformations with various dihedral angles and for controlling emission 

profiles. Thus, the combined effect would produce different slip angles and crystal packing 

through various non-covalent interactions, thereby modulating supramolecular engineering. In 

addition, the twisted conformation may facilitate the adoption of different molecular 

arrangements, allowing for the release of π- π stacking interactions and the emission of bright 

light in aggregated forms.8 Viscosity-sensitive emission is also anticipated from such twisted 

structures due to the restricted molecular motion with suitable dihedral angles between the 

heterocyclic and naphthalene cores, accompanying the PICT in the motion-restricted state.7,14 

The D-π-A architecture, with the strong -CN acceptors with tilted conformation, would assist 

a great extent of ICT (Intramolecular Charge Transfer) in solvents. The overall twisted 

structure can accept a less planar ⇌ more planar conformation at its respective excited states 

in solvents of different polarities.7,9 Furthermore, the heteroatom replacement would alter 

crucial quantum chemical descriptors, such as RMSD (root mean square displacement), 
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emission oscillator strength (fem), HOMO-LUMO energy gap, and NTO (Natural Transition 

Orbitals) distributions, thereby affecting the emission wavelength and efficiency.11-12 

As reported earlier, these dicyanoethylene compounds are synthesized using a unique 

strategy that starts from organophosphate-mediated three-step reaction pathways.14 The related 

synthetic scheme (Fig. S1) and the characterization details are presented in the supporting 

information. 

2.2. Photophysical Properties

2.2.1. Solid-State Emission Tuning

The steady-state photophysical experiments revealed that the absorption band of PONCN at 

max = 530 nm was almost at a similar position to that of TANCN (max= 533 nm) (Fig. S2). 

However, the corresponding emission of PONCN appeared at max= 570 nm (orange-yellow) 

with emission quantum yield [f (%) = 3.00] while TANCN emitted at near-red (max= 593 

nm) with enhanced emission efficacy [f (%) = 9.60] (Fig. 3, Table 1). A different outcome 

was noticed for OXNCN, which displayed blue-shifted absorbance (max = 465 nm) (Fig. S2) 

and emission (max = 507 nm) compared to PONCN and TANCN (Fig. 3, Table 1). To our 

great astonishment, the f (%) in solids for the flattest oxanthrene containing OXNCN is 

notable for being the highest [f (%) = 10.22] among the six-membered heterocycle-containing 

compounds, although PONCN and TANCN contained folded heterocycles. Next, in the single 

heteroatom-based five-membered heterocyclic systems, DBTNCN appeared at longer 

absorbance (max = 461 nm) (Fig. S2) and emission wavelengths (max = 507 nm) than that of 

DBFNCN (abs = 425 nm, em = 475 nm) (Fig. 3, Table 1). The solid-state f (%) for DBFNCN 

(8.36) is superior to DBTNCN (6.79). Hence, the inclusion of an ‘S’ atom or increasing the 

number of ‘S’ atoms by replacing the ‘O’ atom enabled exhibiting bathochromic emission shift 

as noticed for both six-membered (86 nm, 507→593 nm) and five-membered analogs (32 nm; 

475 →507 nm). However, incorporating or increasing the number of ‘O’ atoms by replacing 
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‘S’ would promote the solid-state emission efficiency in this newly designed system (Fig. 3, 

Fig. S2, Table 1). 

Fig. 3. Solid-state emission spectra for (a) six-membered ring series [λex (nm): OXNCN: 465; 

PONCN: 530; TANCN: 533]; (b) five-membered ring series [λex (nm): DBFNCN: 425; 

DBTNCN: 461]; quantum yield variations with respective emission wavelengths for (c) six-

membered ring series (d) five-membered ring series; (e) captured images of respective 

compounds under a 365 nm lamp.

Table 1 Heteroatom replacement guided solid-state emission tuning
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System
Heterocyclic 

ring size

Present 

heteroatom/s

Absorbance 

maxima (nm)

(λabs)

Emission 

(nm)

(λem)

f (%)

DBFNCN five ‘O’ (one) 425 475 8.36

DBTNCN five ‘S’ (one) 461 507 6.79

OXNCN six ‘O’ (two) 465 507 10.22

PONCN six
‘S’ and ‘O’ 

(one each) 
530 570 3.00

TANCN six ‘S’ (two) 533 593 9.60

For a deeper insight into the observed photophysical outcomes, it was essential to 

analyze molecular packing built with various noncovalent interactions. The single crystals for 

TANCN, PONCN, and DBTNCN were generated from a 3:1 CHCl3:DMSO (3:1; 

dimethylsulphoxide) solvent medium. Both TANCN and PONCN were crystallized in a 

monoclinic P121/n1 space group with similar lattice parameters (Table S1, Figs. 4a-b, S3-S4). 

An apparently similar pattern in the crystal packing was observed for both TANCN and 

PONCN, characterized by alternative and translated parallel head-to-tail molecular rows, (Fig. 

4) involving various (~21-22) noncovalent interactions (Table S2). Figures 4a and 4b show that 

the intermolecular S∙∙∙S interactions ( 3.575 Å) between two thianthrene units of TANCN 

were prominent. 
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Fig. 4 Crystal packing of (a) TANCN (c) PONCN (b-axis view); a few selected noncovalent 

interactions are presented in terms of the distances in Å. [atom colors indication: black 

(carbon), white (hydrogen), yellow (sulfur), red (oxygen), green (nitrogen)]

Besides, these twisted dimeric packing again are extended via C∙∙∙H π-interactions of various 

distances ( 2.507-2.889 Å) to construct almost uniform rows (Figs. 4a, 4b). Unlike PONCN, 

the ‘S’ atoms in TANCN contributed significantly to forming S∙∙∙H and S∙∙∙S interactions 

(Table S2). We observed that, with an offset face-to-face slip with respect to the naphthalene 

ring centroids (Figs. 5c, 5f), the molecular rows are again gradually translated, as depicted by 

red rectangular shapes in Figs. 5a and 5d. The PONCN has a smaller slip angle (54.70o, Figs. 

5d-f) than TANCN (57.95o, Figs. 5a-c) because the molecular rows of TANCN are more 

translated than that of PONCN (Figs. 5a, 5d). The angles between the S0 state transition dipole 

moments of any two molecules from the alternative rows for TANCN crystal packing (Fig. 5b) 

was calculated to be an obtuse angle 127.74o and so its supplementary angle is 52.46o ( 54.70o) 

supporting a much closer presence of CT-mediated J-aggregate.15,18 For PONCN (Fig. 5e) this 
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calculated angle was 117.28o and hence, its supplementary angle was 62.72o (62.72o > 54.70o), 

implying an arrangement towards H-type as compared to TANCN (Table S3). However, the 

CT-mediated J-arrangement or any similar phenomenon is really sporadic.17-19 Though, 

centroid-to-centroid slip angle20,21 and offset face-to-face stacking had been explored in earlier 

reports.22-23 However, this CT-mediated J-packing caused TANCN to display 23 nm more 

bathochromic shift (Fig. 3) with much better emission efficacy than PONCN with dim orange-

yellow emission (Fig. 3), while the absorbance (533 nm) prevailed very close to the absorbance 

of PONCN (530 nm) (Fig. S2). 
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12

Fig. 5 Face-to-face slip with respect to naphthalene-ring centroids with-  translated consecutive 

molecular rows (highlighted with red rectangular shapes) with b-axis view for (a) TANCN, (d) 

PONCN; alternative molecular rows with b-axis view for (b) TANCN, (c) PONCN; 

alternative molecular rows with a-axis view to understand offset face-to-face slip for (c) 

TANCN, (f) PONCN, [atom colors indication: black (carbon), white (hydrogen), yellow 

(sulfur), red (oxygen), green (nitrogen)]

The high polarizability of the ‘S’ atom and nonplanar twisted molecular structure could 

elucidate the higher quantum yield for TANCN. The sp3 unequal hybridization mode of four 

lone pairs of electrons in the valence shell on two ‘S’ atoms in TANCN can induce primitive 

repulsion.24,25 Moreover, hanging peripheral benzene rings from the plane of the ‘S’ atom 

restricts the electron transfer and hampers the coplanar packing, ultimately leading to an intense 

emission. The crystal packing and the electron density map of TANCN also supported the same 

photophysical outcomes (Fig. S5). Various noncovalent interactions such as H∙∙∙H and O∙∙∙H 

(Table S2) contributed to the poor quantum yield for PONCN. The calculated packing energy 

considering the intermolecular potential and cluster energy data using mercury 3.826,27 of 

PONCN was lower (-212.2 kJ/mol) than that of TANCN (-219.0 kJ/mol; Tables S4, S5). Thus, 

the stable crystal packing of TANCN would reduce the reorganization energy and facilitate a 

superior molecular arrangement, leading to a redshifted emission. Inter-ring break for TANCN 

with J-type packing might favor the stability of a twisted fluorophore, and the polarizability of 

‘S’ atoms may create a higher dipole moment that can result in a zwitterionic state. Then, the 

negative coulombic coupling or the repulsive nature of coulomb interactions might further 

assist TANCN in improving emission efficacy. 

For OXNCN, the atom replacement from ‘S’ to ‘O’ caused a significant 86 nm 

blueshifted emission and 65 nm shift in absorption for solid OXNCN (Figs., 3, S2, Table 1). 

Notably, the S0 state optimized structures and the torsional angles of TANCN and PONCN 
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were observed to be almost same as their experimentally determined crystal structures (Fig. 

S6), and thus, we can rely on the optimized structure of OXNCN (Fig. S7, S8) for accounting 

conformation-based analysis. The S0 state optimized structures and the torsional angle between 

the heterocycle (h) and naphthalene(n),  h-n in OXNCN, were closer to PONCN than that of 

TANCN (Figs. S6-S8), nullifying the possibility of its J-type arrangement. It is surprising how 

OXNCN could avoid π…π stacking despite holding the flattest oxanthrene ring among all other 

heterocyclic analogs, and display the brightest solid-state emission! Moreover, from the TD-

DFT optimization, it was revealed that the OXNCN seemed to gain better planarity [C-O-C 

≈ 118o, and  h-n = -158o] in the S1 state than its S0 state [C-O-C ≈ 116o, and  h-n ≈ -146o] 

(Fig. S8, Table S6). Also, their average lifetime (  in ns) increased with the increased quantum 

yield from PONCN ( = 2.15), TANCN ( = 3.13), to OXNCN ( = 3.20) (Fig. S9a-c, Table 

S8). With the increased planarity of the oxanthrene ring, the emission intensity is typically 

expected to decrease and have a broader spectral width if an H-type packing prevails.28-30 

Surprisingly, this was not the case for OXNCN. In fact, the widening of the emission spectra, 

quantum yield, and lifetime of OXNCN were similar to those of TANCN. For TANCN, 

avoiding π…π stacking was easy as the thianthrene ring is highly distorted, but OXNCN too 

could reduce the π…π stacking in solids to a large extent, where flat oxanthrene rings should 

be far apart from each other to emit the brightest. That’s why we speculate the presence of a 

certain degree of X-type packing30 for OXNCN. Also, molecular cross-stacking is possible at 

the flat oxanthrene side, where molecular planes may remain parallel, whereas at the 

naphthalene side, a rotational angle around the stacking axis is present. Even molecular cross-

stacking can also occur at the naphthalene side, allowing the oxanthrene rings to be far apart 

from each other in the crystal packing and thereby avoiding lone-pair repulsion. On the other 

hand, five-membered heterocyclic analog DBTNCN preferred end-to-end dimeric herringbone 

with almost H*-type arrangements18 of the dibenzothiphene ring centroids for consecutive rows 
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with  90o slip angle (Figs. S10a, c, S11), accompanying with four types of π∙∙∙π interactions, 

seven types of C∙∙∙H π, two types of N∙∙∙H, and two types of S∙∙∙H interactions, but interestingly, 

no S∙∙∙S interaction is present (Tables S1, S7). The crystal structure of DBFNCN could not be 

refined satisfactorily; however, the structure still arguably provides valuable clues (Fig. S10b). 

It may have a probable centroid to centroid slip  77.210 (relatively closer to 90o) with respect 

to the dibenzofuran rings of alternative rows (Fig. S10b, d), indicating an H-type packing (54.70 

< 77.210 < 900).30 The repulsion between oxygen lone pairs might have compelled the 

dibenzofuran rings to a head-to-tail arrangement for the two consecutive rows. H-type packing 

is earlier reported to be energetically less favored and to display the lowest intermolecular 

interaction energy strength, but the highest repulsive exchange interaction.18 This can cause an 

overall blueshifted emission for the compounds of the five-membered heterocyclic series as 

compared to the compounds from the six-membered heterocyclic series. For H-type packing, 

the ring centers may create voids during alignment, resulting in weaker intermolecular π…π 

interactions to increase the emission efficiency. However, the average lifetimes for DBFNCN 

and DBTNCN were determined to be 2.99 ns and 0.42 ns, respectively, resulting in a higher 

f (%) for DBFNCN (Figs. S9d, S9e, Table S8). The emission of all the compounds could be 

fitted with bi-exponential decay, while for DBTNCN it was a tri-exponential fit (Fig. S9, Table 

S8). However, no longer component was indicated in their decay profiles to indicate the 

presence of the delayed emission. Again, from TD-DFT calculations (Table S9), it was 

revealed that the energy gap between their singlet (S1) and triplet (T1) states (EST) was  0.7-

0.9 eV for all compounds. Of note, any value of EST  0.2 eV is generally considered to be 

ideal for favorable reverse intersystem crossing (RISC) to display thermally activated delayed 

(TADF) emission .31,32 Hence, the theoretically calculated data corroborated well with the 

experimental findings. 
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2.2.2. Solution State Emission Tuning

While the absorption profile showed no considerable shift for TANCN (Fig. S12a), a 

99 nm emission redshift was noticed in TANCN from hexane to dichloromethane (DCM) with 

negligible intensity in DMSO and N,N-dimethylformamide (DMF) (Figs 6a, 6c). On the other 

hand, with a subtle switching in absorbance (Fig. S12b), PONCN exhibited a 150 nm 

bathochromic emission shift, retaining its commendable emission even in DMSO and DMF 

(Figs. 6b, 6d). The variations in Stokes shift and f with varying solvent polarity were 

prominent for TANCN and PONCN (Figs. S13, S14, Table 2). OXNCN was emissive only in 

hexane [f (%) = 2.05] and 1,4-dioxane [f (%) = 1.66]. Its emission was extremely weak in 

polar DCM [f (%) = 0.16] and DMF [f (%) = 0.12] (Fig. S15), as we reported earlier as 

well.14 The five-membered ring containing analogs DBTNCN and DBFNCN did not exhibit 

bright emission in solvents except for faint bluish fluorescence irrespective of the solvent 

polarity (Figs. S16, S17). 

For TANCN, the HOMO-LUMO energy gap (ΔEH-L) reduced minutely from hexane 

(3.254 eV) to DCM (3.239 eV), indicating a lower energy emission in DCM (Fig. S18). 

Interestingly, for PONCN, the calculated ΔEH-L did not differ noticeably from hexane to DCM 

(Fig. S19). TANCN exhibited 74% of H-1→L orbital contribution in hexane, while 92% in 

DCM. PONCN exhibited 89% of H→L orbital contribution in hexane, while 87% in DCM 

(Table S10). From the NTO analysis, we found that the hole and electron NTOs were π and π* 

in nature, and in the S1 state, there were 99.2% contributions from hNTO to eNTO for TANCN 

in both the solvents hexane and DCM (Fig. S20). However, for PONCN, 98.8% of 

contributions were from hNTO to eNTO in hexane and DCM solvents (Fig. S21). This might 

be a reason for PONCN's overall blueshifted emission compared to TANCN. Moreover, as a 

representative compound, we selected PONCN for a ‘dihedral angle (h-n) vs emission scan’ 

at S1 state in hexane. From this theoretical calculation, we received the indication that at h-n  
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160o, PONCN may have a blue emission (462 nm) in hexane, which was actually very near to 

the experimental value (485 nm) (Fig. S22). Again, in hexane, the excited state planarity 

relaxation at h-n from S0 to S1 for TANCN is greater ( 145.81o  159.74o) than that for 

PONCN ( 147.27o  158.96o). Even in the S1 state, the C-S-C is more twisted ( 102.33o) for 

PONCN, while for TANCN, both C-S-C are more relaxed ( 107o) (Table 4). The greater extent 

of excited state planarity relaxation caused higher emission efficiency for TANCN than 

PONCN in hexane, as we observed in our earlier research as well.7,8 The same reason can be 

considered for comparing the emission efficiency of these two dyes in DCM (Table 4). 

Moreover, the presence of the ‘S’ atom insisted on a conformational twist in the thianthrene or 

phenoxathiine ring, which is puckered yet maintains a certain degree of hindered conjugation 

and increased polarizability. As expected, the calculated polarization and dipole moment of 

TANCN were much higher in hexane and DCM than those of PONCN (Table 3). This high 

polarizability can influence electrostatic interactions and interaction energies, which in turn 

affect the excited state conformation.33 As shown in the NTOs for PONCN and TANCN in 

hexane and DCM (Figs. S20, S21), the particle (eNTOs) is mainly spread over the heterocyclic 

part, dicyano, and partially on the naphthalene part, while the hole is concentrated on the 

heterocyclic and the dicyano parts. The particle and hole distribution didn’t fully overlap on 

the heterocyclic part and the dicyano to indicate the CT character of S1 to S0 transition, while 

a moderate overlap is also present to indicate the presence of LE character as well along with 

CT.34,35 For both PONCN and TANCN in hexane and DCM, an overall significant change in 

dipole moment from S0 ( 6.6-7.5 D) to S1 state ( 8.1-9.9 D) was noticed (Table 3). This 

further implied the existence of the CT-transition.34 On the other hand, even in the S1 state, a 

lower value of the calculated dipole moment ( 8.1-9.9 D) dilutes the probability of HLCT-

transition as the HLCT is often associated with a larger value of dipole moment ( 12-18 D).34 

Meanwhile, for both TANCN and PONCN, apart from the emission ~ 520 nm, an emission 
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with vibrational structured bands ~ 420-450 nm was observed due to the naphthalene core, 

resulting in a mixed emission with different color shades (Fig. 6). On the other hand, in DMSO, 

despite excited state planarity relaxation, the calculated emission oscillator strength (fem) for 

TANCN was  0.3994, but for PONCN it was  0.5718, a much higher value. The RMSD for 

TANCN in DMSO was higher ( 0.5706 Å), while for PONCN, it was  0.4328 Å. The same 

trend was observed in N, N-dimethylformamide (DMF). A higher emission oscillator strength 

and lower RMSD could contribute to improved emission efficacy7 for PONCN in polar 

solvents such as DMSO and DMF (Fig. 6). 

Fig. 6. Solution state emission with solvatochromic shifts (a,c) TANCN (10-5 M) (b,d) PONCN 

(10-5 M); solid-state images are kept inset, and all the photos were taken under UV-365 nm 

lamp; the f (%) in respective solvents are also stated below (str. band: no specific emission 

peak except for some vibrational bands)

Table 2 Solvatochromic properties for TANCN and PONCN; The used probe concentration: 

10-5 M. The solvatochromic shifts are specified for each solvent with respect to hexane. The 

maximum wavelength (nm) is only considered for all abs and em values. 
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Compounds Solvent ET 
(30) abs

em 
CT 
only

Stokes shift 
(cm-1)

Solvatochromic 
shift
(nm)

f (%)

Hexane 31.0 341 530 10457.59 0 20.50
1,4-

dioxane 36.0 342 607 12765.30 77 17.68

THF 37.4 340 619 13256.68 89 17.28
EtOAc 38.1 350 617 12363.97 87 14.61
CHCl3 39.1 350 614 12284.78 84 9.42
DCM 40.7 348 629 12837.38 99 9.10

DMSO 45.1 343 strb. - - 0.103

TANCN
with

 em (Solid) = 
593

DMF 43.2 342 strb. - - 1.25
Hexane 31.0 386 485 5288.18 0 8.40

1,4-
dioxane 36.0 387 567 8203.11 82 5.26

THF 37.4 387 585 8745.78 100 3.64
EtOAc 38.1 388 578 8472.16 93 2.80
CHCl3 39.1 388 568 8167.56 83 2.68
DCM 40.7 390 586 8576.18 101 2.39

DMSO 45.1 392 635 9762.17 150 1.23

PONCN
with

em (Solid) = 
570

DMF 43.2 412 626 8297.40 141 2.25

Table 3 The calculated results of the total dipole moment and total polarization in two different 

solvents (using M06-2X/6-31G(d) level of theory)

S1

DCM hexane Molecule
Total polarization

(au)
Total dipole moment

(Debye)
Total polarization

(au)
Total dipole moment

(Debye)
PONCN 449.138 9.682 375.604 8.114
TANCN 471.913 9.902 394.531 8.274

S0

DCM hexane Molecule
Total polarization

(au)
Total dipole moment

(Debye)
Total polarization

(au)
Total dipole moment

(Debye)
PONCN 399.784 7.454 344.499 6.636
TANCN 420.629 7.383 361.347 6.606

Table 4 TD-DFT calculated bond angles at heteroatomic centers and torsion angle ( h-n) 

between heterocycles and tilted naphthalene in different solvents (using B3LYP/6-31g(d) level 

of theory)

Compounds Solvents S0 S1 S0 S1  h-n (S0)  h-n (S1)
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C-S-C C-S-C C-O-C C-O-C

Hexane 101.69
101.27

107.46
107.50 - - -145.81 -159.74

DCM 101.75
101.31

107.77
107.53 - - -145.11 -160.60

DMSO 100.69
100.33

107.87
107.59 - - -143.97 -160.93

TANCN

DMF 101.75
101.31

107.86
107.59 - - -144.94 -160.89

Hexane 98.85 102.33 119.38 124.55 -147.27 -158.96

DCM 98.93 102.41 119.41 124.50 -146.47 -160.62

DMSO 97.98 102.43 117.86 124.48 -145.37 -161.06
PONCN

DMF 98.95 102.43 119.42 124.48 -146.26 -161.03

Hexane - - 116.67
116.56

118.42
118.55 -148.20 -158.45

DCM 116.74
116.57

118.65
118.51 -147.78 -159.47OXNCN

DMF 116.76
116.57

118.72
118.50 -147.75 -159.83

Hexane 91.03 90.91 - - 147.09 153.09DBTNCN DMF 90.91 90.95 - - 153.09 146.95
Hexane 106.08 106.03 -146.59 -149.48DBFNCN DMF 106.13 106.13 -145.19 -145.30

For OXNCN, we noticed structured spectra with existing LE state emission and CT 

emission at comparatively longer wavelengths (Fig. S15). The CT could have been generated 

due to the well-separated HOMO-LUMO (Table S11), while the redshifted weak emission in 

polar solvents might be due to the reduced EHL. TD-DFT analysis revealed that the acquired 

planarity at ∠C−O−C angle from S0 to S1 was comparable between a nonpolar and polar solvent 

(Table 4). However, the gaining excited-state planarity at θh−n (torsion angle between 

oxanthrene and naphthalene) for OXNCN was inferior in a nonpolar solvent than in polar 

solvents (Table 4, Fig. S23). Further, it might have opened up the TICT state with a larger 

planarity relaxation at θh−n from S0 to S1 to diminish its emission.14 
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For DBTNCN, the HOMO-LUMO energy gap reduced gradually from hexane (3.5 eV) to 

N,N-DMF (3.46 eV) with 99.7% contribution from hNTO to eNTO in hexane, and 99.9% in 

DMF. The S1 state C-S-C for DBTNCN was  90o in both solvents, but in DMF, DBTNCN 

experienced the loss of planarity at h-n in the S1 state compared to that in the S0 state (Table 4) 

to make it almost non-emissive (Fig. S16). For DBFNCN, the HOMO-LUMO energy gap 

reduced gradually from hexane (3.63 eV) to N,N-DMF (3.52 eV), with 99.7% contribution 

from hNTO to eNTO in hexane, and 99.9% in DMF. The S1 state C-O-C for DBTNCN was 

 106o in both solvents, but in DMF, DBFNCN experienced almost no gain of planarity at h-

n in the S1 state compared to that in the S0 state to make it almost non-emissive (Table 4, Fig. 

S17). 

The solution-state time-resolved spectroscopy discloses the lifetime for TANCN, 

PONCN, and OXNCN in nanoseconds (ns), without the presence of any delayed component. 

(Fig. S24, Table S12). With increasing solvent polarity, the quantum yields got reduced, 

whereas the respective average lifetime values were increased. Strong ICT with huge extent of 

excited state geometry relaxation could encourage non-radiative decay pathway forming TICT 

to decrease the emission efficiency, while formation of comparably longer-lived relaxed state 

simultaneously could increase the overall average lifetime. However, the calculated EST 

values for all the compounds in respective solvents were observed to be too large to exclude 

the possibility of TADF emissions (Table S12).32 

2.2.3. Aggregation-Induced Emission (AIE)

Aggregation-induced emission (AIE) defines the photophysical consequence where 

nonfluorescent36 or weakly emissive compounds display bright emission or enhanced 

emission4,7 at their aggregated state and can be realized in several real-world applications.4,7,8,14 

From the absorbance spectra, it was understood that on aggregation with increasing water 
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fraction, fw (%, v/v in MeCN/water) from 0 to 99% at 10-5 M of probe concentration, there was 

an absorbance redshift of 57 nm for TANCN, 33 nm for PONCN, and 18 nm for OXNCN 

(Fig. S25). A similar AIE studies on the five-membered compounds showed comparable 

absorbance redshift of 35 nm for DBTNCN and 20 nm for DBFNCN (Fig. S25). This trend in 

absorbance shift was also applicable for higher probe concentrations. Hence, the tendency of 

J-type aggregate formation follows the order of OXNCN < PONCN < TANCN and DBFNCN 

< DBTNCN. For TANCN, on aggregation, a 57 nm redshifted absorbance and emission at  

600 nm could be attributed to the formation of CT-mediated J-aggregates (Figs. S25, S26). The 

aggregation state is different from a solid state with random and non-directional 

supramolecular interactions; however, it tends to reach a solid-state.28 Notably, their AIE 

emissions were closer to those of their respective solid-state emissions (Table 5), and hence, a 

similar molecular packing is anticipated in both the aggregate and solid states. As indicated by 

the TANCN crystal structure analysis, the present S…S interactions in aggregates may help 

TANCN organize its head-to-tail molecular rows with a slip angle which could be greater than 

54.7°. In the excited state,  h-n (S1) can become more planar to increase conjugation between 

the donor and acceptor moieties, which would be beneficial to form CT-mediated J-

aggregates.15 At higher probe concentrations, excimer emission rules over monomeric emission 

(Fig. S26). In excimers, the coplanar stacking would be hampered by the twisted structures, 

while the high polarizability of the ‘S’ atoms may form zwitterionic dimers with high dipole 

moments. This may further help counterbalance the electrostatic repulsion to enhance 

emission.37 Thus, the high value of F/F0 at 10-4 M probe concentration of TANCN can be 

justified. A moderately redshifted absorbance of 33 nm on aggregation indicated a lesser extent 

of J-arrangement for PONCN (Fig. S25, S27, Table 5). Interestingly, PONCN displayed 

comparably weaker AIE emission in both concentrations (Fig. S27). This could be possible if 

PONCN experienced an arrangement towards H-type as compared to TANCN in aggregates. 
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Due to the presence of the ‘O’ atom in phenoxathiin, multiple van der Waals and O···H 

interactions in PONCN aggregates may help exhibit moderate AIE features despite the highly 

nonplanar conformation. OXNCN displayed 1/3 extent of redshifted absorbance (18 nm) 

compared to TANCN (57 nm) (Fig. S25, Table 5), which implied that the molecular 

arrangement could never be J-type. On the contrary, H-aggregates usually exhibit weaker 

emissions with a widespectra.18,30 Notably, oxanthrene is the flattest six-membered heterocycle 

discussed herein, and still, OXNCN displayed strong AIE emission at both concentrations. The 

F/F0 of OXNCN was almost similar to the F/F0 of TANCN at 10-5 M concentration (Table 5, 

Figs. S26, S28). Hence, the AIE strength for OXNCN didn’t vary much with changing probe 

concentration. For both the concentrations of OXNCN, the decay profile could be fitted with 

a triexponential manner where two long-lived components were of shorter lifetimes (1.36 and 

2.72 ns for 10−4 M; 1.38 and 2.76 ns for 10−5 M), but one short-lived component was of high 

lifetime (5.43 ns for 10−4 M; 5.52 ns for 10−5 M).14 We expect that OXNCN might adopt an X-

type arrangement to some extent. The lone pairs of oxygen will create repulsion, causing the 

oxanthrene ring to move away from each other during molecular cross-stacking in possible X-

aggregates, thereby enhancing the AIE emission. The existing torsion angle between the 

oxanthrene and naphthalene parts would further assist in relinquishing the harmful π···π 

stacking during aggregation.14 For DBTNCN, a herringbone H*-type packing was found 

during single-crystal analysis. A slight blueshifted emission in DBTNCN aggregates (Fig. S29) 

could be attributed to any associated reorganization energy that contributed to stability in the 

possible herringbone packing, with restricted structural relaxation.38 For DBFNCN, the AIE 

effect at lower probe concentrations was almost negligible. This anomaly was even noticed 

with our previously reported emitters, which was not AIE active.39,40 However, a weak and 

wide emission profile was noticed at higher probe concentrations to indicate the formation of 

H-type aggregates (Fig. S30). At lower water fractions, the weak emission and the observed 
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structured bands for most of the fluorophores (Figs. S26-S30) could be accounted for the 

existing dark TICT state and vibrational bands, which vanished with aggregate formation at 

higher water fractions. 

Table 5 Parameters related to the aggregation-induced emission for the synthesized compounds 

and comparison with solid-state emission wavelengths

Compounds
Solid-state 
emission 

(nm)

Absorbance 
redshift (nm) 

in the 
aggregated 

state
(10-5 M)

Emission (nm)
at higher 

probe 
concentration 

(10-4 M)

Emission (nm)
at lower
probe 

concentration 
(10-5 M)

F/F0

(10-4 M)
F/F0

(10-5 M)

Types of 
aggregates
anticipated

DBFNCN 475 20 475 465  1.1  0.2 H
DBTNCN 507 35 493 493  18  6 H*
OXNCN 507 18 523 517  45  20 probable X
PONCN 570 33 587 587  7.2  6.6 H-type

TANCN 593 57 600 596  120  30
CT-

mediated J
2.2.3. Viscosity-Induced Emission (VIE)

Often, the viscosity-induced emission (VIE) serves as proof of restricted intramolecular 

motion, which is considered the main cause of AIE. The AIE and VIE are understood as almost 

the same phenomenon.41 However, we noticed a few of our synthesized compounds behaved 

differently in a viscous medium from their AIE properties. 

Except for OXNCN, the absorbance shifts of the remaining fluorophores were 

negligible upon exposure to high-viscosity media compared to their absorbance shifts for AIE 

features (Fig. S31, Tables 5, 6).  At a lower probe concentration, TANCN showed no response 

to viscosity (Fig. S32, Table 6), but exhibited considerable AIE features (Fig. S26, Table 5). 

Again, at lower probe concentrations, PONCN and OXNCN exhibited moderate increases in 

their viscosity-induced emission (Figs. S33, S34, Table 6), while maintaining brighter AIE 

characteristics (Figs. S27, S28, Table 5). OXNCN displayed a yellow emission (545 nm) in 

response to viscosity (Fig. S34, Table 6), while it exhibited a green AIE (517-523 nm) at both 
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lower and higher concentrations (Fig. S28, Table 5). The temperature dependence of OXNCN 

was also verified in PBS solution, as it contains a significant water fraction with higher 

viscosity; thus, in PBS, OXNCN should exhibit an emission that combines AIE and VIE 

effects. Indeed, in PBS above 35 °C, OXNCN (10-5 M) displayed an emission at around 530 

nm with lower intensity; however, the efficiency of emission gradually increased with 

decreasing temperature (Fig. S35). This proves that the molecular motion of OXNCN was 

responsive towards the changing viscosity of the neutral PBS buffer medium at different 

temperatures. Again, DBFNCN exhibited a significant blueshifted emission in the viscous 

medium at lower concentrations, but displayed green emission at higher probe concentrations 

(Fig. S37, Table 6). These findings strongly suggest that the viscosity-responsive emissions 

follow different mechanisms from their AIE characteristics. To emit brightly, fluorophores can 

restrict their intramolecular motion in the viscous medium when they are not even forming 

aggregates. In polar MeOH, they can experience dark TICT to quench their emission,42 but in 

a highly viscous medium, accompanied by a restriction of intramolecular rotation (RIR), they 

can undergo a favorable excited-state planarity relaxation to avoid the TICT. This planarity 

relaxation may open up the PICT state. Unlike TICT, the PICT is electronically allowed, as the 

participating orbitals largely overlap due to their parallel orientation during the transition.42,43 

Again, at a high viscous medium, the PICT offers less RMSD, more emission oscillator 

strength, and higher transition energy to cause enhanced emission. For TANCN, fewer 

molecules prevailed at lower probe concentration, and although intramolecular restriction in 

rotation and vibration could be achieved, the intermolecular motion still could not be restricted. 

At higher probe concentration of TANCN, more molecules probably could restrict 

intermolecular movements along with freezing intramolecular motion to emit very brightly. As 

aggregation was impossible or very weak, we expected that the PICT could not overcome TICT 

completely, so that the lower probe concentrations of PONCN and OXNCN would receive a 
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moderate emission in a viscous medium. DBTNCN could respond to viscosity properly, and 

its VIE strengths were comparable to its AIE features (Figs. S29, S36). Possibly, its monomers 

could exhibit favorable excited state planarity at their  h-n (S1) with increased electronic 

conjugation. For OXNCN monomers, the  h-n (S1) possibly differed from its  h-n (S1) in 

aggregates to increase electronic conjugation, causing a redshifted VIE as compared to AIE. 

The surprisingly blueshifted VIE for DBFNCN at its low concentration could indicate the 

existence of some high reorganization energy. Overall, for all the fluorophores, the VIE 

characteristics were weaker than their emissions in aggregates due to the competing TICT that 

subdued the effect of PICT to a significant extent.

Table 6 Parameters related to the viscosity-induced emission for the synthesized compounds 

and emission wavelength comparison with AIE 

Compounds AIE
Emission

(nm)
(10-4 M/10-5 M)

Absorbance 
redshift (nm) in 
viscous medium 

(10-5 M)

Emission (nm) 
at higher probe 
concentration 

(10-4 M)

Emission (nm) at 
lower probe 

concentration 
(10-5 M)

F/F0

(10-4 M)
F/F0

(10-5 M)

DBFNCN 475/465 12 500
 [fg (%)  90]

405 
[fg (%)  99]

 13 Not 
considerable

DBTNCN 493/493 8 507 
[fg (%)  90]

500
 [fg (%)  90]

 22  11

OXNCN 523/517 40 545
 [fg (%)  90]

545 
[fg (%)  90]

 14  6

PONCN 587/587 13 578 
[fg (%)  99]

582 
[fg (%)  99]

 19  3

TANCN 600/596 15 600 
[fg (%)  90]

Not considerable  95 Not 
considerable

2.3 Application in small-molecule fluorophore based organic light-emitting diode (OLED) 

fabrication

Donor-π-acceptor systems are highly celebrated for OLED fabrication.44 TANCN had 

an orange-red emission in solids (Fig. 3), which was previously found to be noncytotoxic.14 

Hence, to explore the electroluminescent behavior of small-molecule TANCN, we have 
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fabricated the solution-processed OLED device with the optimized configuration: ITO 

(100)/PEDOT:PSS (40 nm)/PVK (20 nm)/ 30 wt.% TANCN: CBP (20 nm)/PPT (10 

nm)/TmPyPB (50 nm)/Liq (2 nm)/Al (100). Indium tin oxide (ITO) and aluminum (Al) were 

selected as anode and cathode, respectively. Poly(3,4-ethylenedioxythiophene) 

polystyrenesulfonate (PEDOT:PSS) was used as the hole-injection layer, and 

polyvinylcarbazole (PVK) as the hole-transport layer. 1,3,5-tri(m-pyrid-3-yl-phenyl)benzene 

(TmPyPB) and 8-hydroxyquinolinolato-lithium (Liq) were adopted as the electron transport 

layer and electron injection layer, respectively. 2,8-bis(diphenyl-phosphoryl)-

dibenzo[b,d]thiophene (PPT) served as an exciton-blocking layer to restrict carriers from 

recombining in the interface. 4,4′-Bis(N-carbazolyl)-1,1′-biphenyl (CBP) was selected as the 

host in the emissive layer (Figs. 7a-b, S38) due to its bipolar nature, facilitating balanced carrier 

transport. The TANCN-based OLED device exhibited a luminance of 10082 cd m-2 and a blue-

shifted emission spectrum, with an electroluminescent peak at 555 nm. The maximum external 

quantum efficiency (EQE), power efficiency (PE), and current efficiency (CE) are 1.9%, 5.4 

lm W-1 and 7.7 cd A-1, respectively (Fig. 7c-e). Although the poor EQE may be attributable to 

the low PLQY of the emitter ( 9 %), the potential of the emitter in light-emitting applications 

has been demonstrated, indicating room for improvement through further optimization. Of 

note, in the OLED device, TANCN is dispersed in a host matrix that may suppress aggregation 

and π-π stacking, resulting in a blue-shifted emission (Fig. S39) compared to the powder. 

Additionally, the influence of the multilayer stack can further blue-shift the EL emission (Fig. 

7e). Such blue shifts relative to solid-state PL are commonly observed under electrical 

excitation and arise from these environmental differences.45

Page 26 of 35Materials Chemistry Frontiers

M
at

er
ia

ls
C

he
m

is
tr

y
Fr

on
tie

rs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 3
/3

/2
02

6 
10

:0
3:

02
 A

M
. 

 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 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D5QM00902B

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qm00902b


27

Fig. 7. (a) Energy level diagram of the (b) device structure, (c) current density vs. voltage plot, 

(d) EQE vs. luminance plot, and (e) electroluminescence intensity vs. wavelength plot with 

OLED device picture inset. The HOMO-LUMO energy levels for TANCN were determined 

using a cyclic voltammetry experiment (Fig. S38). 

3. CONCLUSION

In short, twisted molecular core conjugated nonplanar bridged oxo and thioethers were 

proven to be an outstanding design concept that received extraordinary emission tuning 

everywhere in solids, solvents, aggregates, and viscous mediums. This work is successful in 

prescribing a new design where we can predict the received emission logically. Importantly, 

we understood that introducing multiple ‘S’ atoms in six-membered heterocycles could 

generate S…S noncovalent interaction with a slip-stack angle greater than a magic angle to 

nurture a CT-mediated J-arrangement. This culminated in a bright redshifted emission in 

everywhere, while the introduction of ‘O’ atom/s continuously blueshifted the emission in 
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solids, aggregates, and viscous medium. Moreover, X/H-type molecular arrangements were 

only favored in the presence of an ‘O’ atom, irrespective of the ring size. Expanding the ring 

size with the same heteroatom could also redshift the emission in solids, aggregates, and 

viscous medium. However, the excited state planarity relaxation greatly affected the emission 

strength in the solution, accompanied by the polarizability effect and electronic conjugation. 

Moreover, it was realized that the presence of the ‘S’ atom was not only sufficient to display 

solvatochromism, but the ring size really did matter. However, the presence of the ‘O’ atom 

alone could not display solvatochromic shifts irrespective of the ring size. Our findings also 

challenge the expectations of the same emission color in aggregates and viscous medium from 

a particular fluorophore. The dihedral angle and extent of favorable PICT could adopt a 

different mechanism to emit brightly in a viscous medium at a different wavelength from their 

AIE color. As an initial endeavor, noncytotoxic TANCN with an orange-red emission in solids 

was implemented in a solution-processed yellow-emitting OLED fabrication. TANCN had a 

solid-state QY of almost 9%, and the EQE of the device was still achieved by almost up to 2%. 

While many small-molecule fluorophores quench in the device, TANCN could manage 

considerable luminance despite of its moderate solid-state PLQY. In the future, we aim to work 

on the structure of twisted bridged ethers to achieve better efficiency with favorable emission 

tuning in solids and solutions and achieve a brighter EQE of the fabricated OLED device. 
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• The data supporting this article have been included as part of the Supplementary 
Information.

• This study was carried out using publicly available data that are mentioned in the 
manuscript

• The data analysis scripts of this article are available in the ESI
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