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High performing ��������� Benzothiadiazole based hybrid local 

and charge transfer emitters in solution-processed OLEDs 

Indu Bala,a Rohit Ashok Kumar Yadav,b Manisha Devi,a Joydip De,a  Nitya Singh,a Kamalakannan 

Kailasam,c Jayachandran Jayakumar,b Jwo-Huei Jou,b  �����34��� Chengb and Santanu Kumar Pal*a

Transforming triplet excitons to singlet excitons is a topic of great interest to material scientists in order to surpass the 

exciton utilization efficiency (EUE) limit of 25 % in electro-fluorescent devices. Towards this the donor-acceptor strategy of 

the molecular design has been proven to be an effective approach to obtain high electroluminescence (EL) efficiency. In this 

context, we have reported benzothiadiazole (BTD) based donor-acceptor =3���������� fluorescent molecules (1-2) that 

exquisite external quantum efficiency (EQE) as high as 7.0% for 1 and 8.1% for 2 in solution-processed doped green OLED 

devices. The observed high photoluminescence quantum yields of 81% and 85% for 1 and 2, respectively corroborates to 

the high EUE values of 43% and 48% exceeding its traditional limit (25%), hence suggesting the utilization of triplet excitons.  

The reported emitters combine the two parameters i.e high photoluminescence efficiency and high EUE  which are of key 

importance to harvest maximum EL in OLED devices. Based on the photophysical (solvatochromic experiment) and quantum 

chemical calculations, the impacts of "3=3�3=3" molecular design on the regulation of the locally excited and charge transfer 

components are unveiled, that explained the observed high EQE (>5%) and  EUE (>25%) values for the BTD based emitters. 

The emitter with hybrid local and charge transfer state in combination with the �hot exciton�  mechanism is an important 

strategy to produce highly efficient fluorescent emitter materials. Apart from the impressive EL properties of the emitters, 

the studied fluorophore 1 as a chemosensor shows the selective sensing of metal cation (Fe2+) and anion (I-) along with the 

staining agent of Hibiscus rosa-sinensis pollen grains.

Introduction

Since the pioneering work by C.W. Tang and S. Vanslyke with 

the fabrication of first double-layer OLED device,1 scientists are 

making efforts to breakthrough the exciton utilization efficiency 

(EUE) limit of 25% (corresponds to EQE of 5% ) in electro-

fluorescent devices. Many organic metal complexes and 

polymeric systems are successful to surpass the EUE limit, 

however, high metal cost and batch-wise variations in polymers 

demand suitable alternatives for mass production. In metal-free 

fluorescent OLEDs, two well-studied mechanisms viz. thermally 

activated delayed fluorescence (TADF)2-10 and hybrid local and 

charge transfer (HLCT) phenomena11-18 are responsible for 

achieving greater than 25% EUE. Both processes involve the use 

of triplet excitons by way of reverse intersystem crossing (RISC) 

from T1 to S1 in case of TADF and Tn (n > 1) to Sn (n J 1) in HLCT 

phenomena. Recently, donor-acceptor small =3���������� 

organic molecules with HLCT characteristics have garnered 

significant attention as such type of molecules tactfully 

integrates the two complementary properties: high 

photoluminescence quantum yield 8KPL) due to low-lying locally 

excited (LE) state and high EUE owing to high-lying charge 

transfer (CT) state and results into high external quantum 

efficiency (EQE) of the device.11,14,19 In this context, 

benzothiadiazole (BTD) derivatives are the most suitable 

candidates with excellent fluorescence behavior in solution and 

solid-state as well.20 Besides, BTD framework act as a strong 

acceptor unit and is actively used to tune the energy levels for 

achieving low band-gap molecules suitable for various 

optoelectronic devices.21 Furthermore, the structural 

modification with electron-donating groups results into a 

donor-acceptor system. Also, the donor-acceptor fluorophores 

composed of small organic molecules have a high degree of 

control on their optical and electronic features due to ease in 

structural variation.13,18,22-30 As a result, luminescent BTD 

derivatives have find their potential use in a variety of 

applications e.g as an emitter material in OLEDs,13,18,24-30 

chemosensors,31 biological imaging,32 liquid crystals33-35, and 

organic solar cells36. Majority of BTD derivatives are employed 

in photovoltaic applications36 and emitter materials13,18,24-30  in 

OLEDs. For example, Thomas and coworkers reported BTD 

based red27 and green26 emitters showing decent EQE values of 

2.1% and 4.6% in OLED devices, respectively. Ma group 

reported several BTD based donor-acceptor emitters with color 
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Figure 2. Solvent-dependent (a) absorption (Abs) and (b) emission studies of compound 2 (10-6 M). (c) Linear correlation of orientation polarization, f of solvent media with the 

Stokes$ shift (vaWvf) for compound 2.     

Table 1. Photophysical and electrochemical data of the BTD derivatives 1 and 2.

Compound �abs (nm)a �ems (nm)b �abs (nm)c �ems (nm)d EHOMO (eV)e ELUMO (eV)e �ECV (eV)f

1 249, 307, 410 549 261, 351, 431 561 -5.39 -3.56 1.83

2 249, 307, 421 547 256, 313, 327, 419 546 -5.38 -3.44 1.94

aAbsorption peaks in solution state; bEmission peaks in solution state; cAbsorption peaks in thin-film state; dEmission peaks in the thin-film state; eenergy levels 

calculated from cyclic voltammetry (see ESI); fband-gap calculated by using �ECV = ELUMO-EHOMO.

peaks and 7 nm shift in the absorption peak (belongs to S0-S1 

transition). These red-shifts in the emission peaks indicate the 

CT behavior of the excited states.24 Furthermore, the 

quantification of the impact of solvent polarity on the nature of 

excited states was carried out by using the Lippert-Mataga 

relationship (Figure 2c).37 The Lippert-Mataga plot provides 

information about the change in the dipole moment of the 

emissive state, S1 by relating the 1��+�Y shift 8Za3Zf) to the 

solvent polarity. The plot of 1��+�Y shift versus orientational 

polarizability showed the two slopes having linear correlation in 

low and high-polarity regimes indicating the change in the 

dipole moment of the S1 state. We inferred that increase in the 

CT character on increasing the solvent polarity suggests the 

presence of LE in low-polarity solvents and CT states in higher-

polarity solvents. Also, the fluorescence intensity observed 

highest in non-polar solvents (e.g hexane, diethyl ether etc.) 

demonstrating the presence of LE states while drops in higher 

polar solvents due to the predominant CT character (Figure 

S8b). The ground state dipole moment was estimated to be 1.81 

D with the help of DFT at B3LYP/6-31G(d,p) level. Further, the 

calculated excited state dipole moment was found to be 14.34 

D in low polarity solvents and 18.90 D in high-polarity solvents 

that also supports the coexistence of two types of states i.e 

weak CT (i.e LE) and strong CT states. In the solvents of 

intermediate polarity, one �hybridized state� is expected known 

as HLCT state and is favorable for good emission properties of 

the fluorophore.  

The highly emissive green colored luminescence of BTD 

derivative 1 was checked for its sensing ability (discussed in 

detail in ESI, Section 4b) towards various metal cations (Co2+, 

Zn2+, Al3+, Pb2+, Mn2+, Cd2+, Cu2+ and Ni2+) (Figure S9-S10) and 

anions (F], Cl], Br], I], NO3
], CH3COO], SO4

�]  and CO3
�]) (Figure 

S11-S12) by monitoring the change in fluorescence intensity 

upon their addition to 5×10-6 M parent solution (THF:H2O/90:10 

(v/v)). Among the various cations and anions tested, only Fe2+ 

and I] showed fluorescence quenching. Further, compound 1 

showed its potential application as a staining agent. Pollen 

grains of Hibiscus rosa-sinensis were treated with compound 1 

for 15 min at ambient temperature which showed a green 

fluorescence from the intracellular area. This suggests 

compound 1 was found to be cell-permeable and successfully 

stain the pollen grain (Figure S13).

Theoretical Studies

To further explore the electronic properties of the compounds, 

geometry optimization in the ground state and frontier 

molecular orbital calculations were done by DFT using B3LYP 6-

31G(d,p) basis set. As displayed in Figure S14 for both the 

compounds, the HOMOs of the BTD derivatives are localized on 

the electron-donor horizontal backbone (composed of three 

benzene rings) of the molecules. The LUMOs are located on the 

central electron-deficient BTD moiety and slightly extended to 

the neighboring benzene rings. Such type of orbital features 

including spatial separation in conjunction with slight overlap 

generally results in the orbital coupling and charge transfer 

features in the molecule. This adequate bipolar nature is 

beneficial to the better charge transport and high 

photoluminescence (PL) efficiency of the materials when 

employed as an emitter component in an OLED device.13, 26 The 
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Figure 4. (a) Schematic energy level diagram of the solution-processed OLED devices with emitter 1 and 2, (b) Luminance-voltage-current density curve, (c) Normalized EL spectra, 

(d) Current efficiency-luminance-power efficiency curves for compound 1 and 2 based devices. Note: All the measurements are for solution-processed devices in CBP with 1.0 wt% 

of dopant concentration.                                                  

1, 3 and 5 wt% in CBP host matrix.  The doping concentration of 

the emitter materials has a strong influence on the EL behaviour 

of the devices. For example, on decreasing the doping 

concentration from 5 wt% to 3 wt% to 1 wt%, the EQE increases 

subsequently from 1.7 % to 4.7 % to 7.0 % in case of 1 and from 

2.1 % to 5.1 % to 8.1 % for emitter 2 (Table S4). The increase in 

EQE on decreasing the doping concentration can be attributed 

to the dilution effect originating from the uniform dispersion of 

dopant with CBP host as confirmed by AFM (Figure S16), 

resulting in the suppression of aggregates that minimized 

the concentration-quenching of fluorophores in the solid-

state.41 The current density, luminance vs. voltage, current 

efficiency (CE), power efficiency (PE) vs. luminance curves, and 

EL characteristics of best devices (1 wt%) for 1 and 2, and with 

3 wt% and 5 wt% doped devices are displayed in Figure 4b-d 

(Table 2) and Figure S17 (Table S4), respectively. For best 

devices, both the emitters exhibit green colored luminescence 

as observed from EL spectra that displayed a peak at 532 nm for 

1 and 546 nm for 2 (Figure 4c). It can be noted that for both the 

compounds EL spectra of doped devices (Figure S18) becomes 

narrow and blue shifted (31 nm for 1 and 18 nm for 2) in 

comparison to its PL spectra which indicates the suppression of 

aggregates upon doping with the CBP host. Such type of blue 

shifts and narrowing of peaks has been reported earlier when 

the emitter materials doped with the CBP host.42 However, the 

emission lies in the green region, indicating that the 

electroluminescence is originating indeed from the emissive 

layers with no excimer or exciplex emission. For compound 2, 

the device exhibited better performance, with a maximum 

current efficiency of 24.9 cd A-1, power efficiency of 15.6 lm W-

1 and EQE of 8.1 % with maximum brightness of 2476 cd m-2. 

Furthermore, device displays better power efficiency 

PEmax.~PE100 (24.3%) and current efficiency CEmax.~CE100 (23.3%) 

roll-off than the compound 1 based devices (Table S5). Figure 

S21 illustrates the EQE versus voltage plots of the devices 

displaying an efficiency roll-off profile. It is noteworthy that the 

triplet energy (Figure S19) of compound 2 (2.44 eV) is 

sufficiently higher than compound 1 (2.31 eV) and well in order 

with CBP (2.60 eV) host that enables favorable host-guest 

energy transfer, hence demonstrating an effective charge 

balance and exciton confinement state in the emissive layer 

(Figure S18) of compound 2 based devices. Compound 1 

performed comparably less well, exhibiting a maximum current 

efficiency of 23.1 cd A-1, power efficiency of 14.5 lm W-1 and EQE 

of 7.0 % with brightness of 1910 cd m-2. The devices exhibiting 

high EQE values (Table 2) than the traditional limit by surpassing 

its EUE beyond 25% suggesting the use of both singlet as well as 

triplet excitons. The EUE of the devices can be calculated by 

using the following equation:13,18

KEQE = Krec · KS · KPL· Kout

In the above equation, KEQE is the EQE of an OLED device, KS 

represents the EUE. KPL is the photoluminescence quantum yield, Krec 
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denotes the proportion of electron-hole recombination which is 

usually assumed to be unity in an ideal case. Kout is the light out-

coupling efficiency, which is �20% for ITO-based flat thin-film 

OLEDs.13 Once the KEQE and KPL are known, KS can be calculated. The 

KPL of the neat films was measured and found to be 81% and 85% for 

compound 1 and 2, respectively.  The corresponding Ks in the 

resultant OLED devices were estimated (using above equation) to be 

�43% and �48%, assuming the full electron-hole recombination i.e 

Krec is considered to be unity. Remarkably, EUE sufficiently surpasses 

the spin-statistics limit of the radiative exciton ratio of 25% for 

conventional fluorescent OLEDs. This indicates the utilization of 

triplet excitons by spin-flip mechanism is happening by one of the 

various possible mechanistic pathways viz. HLCT, TADF and TTA. As 

probed in the above sections, the Lippert-Mataga plots and nature 

of excited states for the representative compound 2 revealed the 

HLCT nature of the excited states, thereby the conversion of triplet 

excitons to singlet excitons takes place by RISC phenomena using 

�hot exciton� channel. The mono-exponential PL decay of compound 

2 also supports the presence of a hybridized state (Figure S21).  

Moreover, the existence of a shorter lifetime and the absence of any 

delayed component in the PL decay excludes the possibility of the 

TADF mechanism.

Conclusions

In summary, we have explored the application of luminescent 

benzothiadiazole derivatives (1 and 2) as efficient emitter 

materials in solution-processable OLED devices. The emitter 

materials exhibited green colored electroluminescence in the 

fabricated devices with the breakthrough of the traditional EQE 

limit of fluorescent OLEDs. The obtained maximum EQE value of 

7.0% for compound 1 and 8.1% for compound 2 surpassing the 

traditional limit was explained with the aid of systematic 

photophysical studies and quantum chemical calculations. The 

conclusive studies revealed the occurrence of the HLCT 

phenomena where the triplet excitons from T2 triplet state to S1 

singlet state take place through the RISC process via �hot-

exciton� channel. On the other hand, compound 1 showed the 

sensitive and selective sensing towards Fe(II) ions among 

various cations and I- anion among several anions with a 

detection limit as low as 41 ppb and 32 ppb, respectively. It was 

also successfully applied in bio-imaging using pollen grains 

which could find potential applications in diagnostics. 

Therefore, we believe that the present findings will certainly 

offer an important guideline for multifunctional molecular 

design and provide an important step forward to expand the 

applications of small =3���������� luminescent molecules. 
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Benzothiadiazole based donor-acceptor emitters with hybrid local and charge transfer state 
exhibited high external quantum efficiency in solution-processed green OLEDs.
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