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I. Materials and Methods

1.1 Chemicals: 

All chemicals were used as received unless otherwise stated. 9,10-phenanthrenequinone (99%), 4,4′-

dibromobenzil (90%), 2,3-diamino-5-bromopyridine (97%), N-bromosuccinimide (99%), palladium(II) 

acetate (99.9%), carbazole (99%), phenoxazine (99%), tris(dibenzylideneacetone) dipalladium(0) (99%), 

X-Phos (99%), potassium tert-butoxide (99%), dimethyl sulfoxide (99%) and toluene (99.85%) were

received from Sigma-Aldrich. Sodium hydroxide (99%), potassium carbonate, acetic acid, concentrated 

sulphuric acid, 1,4-dioxane, chloroform, and hexane were received from Merck. bromine (99%), THF 

(99%), ethanol (99.8%) from Spectrochem, Tri-tert-butylphosphine (96%) was received from Alfa aesar. 

1.2 Instrumentation: 

NMR Spectroscopy: 1H and 13C-NMR spectra were recorded on Bruker Avance III 500 and 700 MHz 

NMR spectrometer and the chemical shifts (δ) are reported in parts per million (ppm) using residual 

solvent signals as internal standards. 

High-resolution mass spectrometry (HRMS): High-resolution mass spectrometry (HRMS) data were 

obtained on Bruker MicrOTOF-Q-II mass spectrometer instrument. Chloroform was used as the solvent. 

Matrix-Assisted Laser Desorption Ionization (MALDI-ToF): Matrix-assisted laser desorption 

ionization-time of flight mass spectrometry was performed with Bruker Daltonics UltrafleXtreme, using 

software flex Control version 3.4. 

Melting point measurements: Melting points of the D3-A compounds were measured using Digital 

Melting Point Apparatus (Jyoti: AN ISO: 9001:2000, India). Compounds were loaded in the capillary 

glass tubes. 

Steady-state absorption spectroscopy: The UV-Vis absorption spectra were recorded on a Cary 100 

spectrophotometer. 

Diffuse Reflectance UV-Vis Spectroscopy (DR UV-Vis): DR UV-Vis spectra were recorded using an 

Agilent Cary 100 spectrometer equipped with a diffuse reflectance integrating sphere attachment (DRA). 

Steady-state fluorescence spectroscopy: Steady-state fluorescence measurements were carried out on a 

Jobin Yvon Horiba Model Fluorolog-3-21. 

Time-resolved fluorescence Spectroscopy: Time-resolved fluorescence measurements were carried out 

using time-correlated single-photon counting (TCSPC) spectrometer (Delta Flex-01-DD/HORIBA). 

Delta diode laser 410, 440, and 468 nm were used as the excitation source. The SpectraLED 417 and 461 

nm light source directly connected with DeltaHub was used for the measurement of delayed fluorescence 

and phosphorescence lifetimes. Picosecond photon detection module with photomultiplier tube (PMT) 

was used as a detector. The instrument response function was recorded by using an aqueous solution of 

Ludox. Decay curves were analyzed by nonlinear least-squares iteration using Horiba EzTime decay 

analysis software. The quality of the fit was assessed by the fitting parameters (2) as well as the visual 

inspection of the residuals. Time-resolved emission spectra (TRES) were recorded using 468 nm diode 
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laser and 461 nm SpectraLED. The emission spectra were collected at different delay times with the 

wavelength range from 480 to 800 nm at 5 nm interval. 

Excited-state decay kinetics: The laser power-dependent emission spectra and decays were measured 

with LP980 laser flash-photolysis spectrometer (Edinburgh Instruments, UK). The emission decay and 

time gated spectra were recorded by inserting samples (1.5 × 5 cm D3-A compounds doped PMMA thin 

films on quartz plates) at a 30°-45° angle into a film sample holder. The samples were purged 15 min 

with N2 before measurement. The samples were excited with a nanosecond pulsed laser (OpoletteTM 

nanosecond pulsed laser, OPOTEK, USA) combined with wavelength tunable OPO crystal (410-2400 

nm) integrated into Edinburgh LP980 laser flash photolysis spectrometer system. White light probe pulses 

generated by a pulsed 150 W Xe lamp were passed through the sample, focused into the spectrometer, 

then detected by intensified Andor iStar CCD camera and PMT. The signal was digitized with a Tektronix 

TDS3012C oscilloscope, and the data were analysed with LP900 software. Single wavelength kinetic data 

were the result of averaging 10 laser shots. 
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II. Design Strategy 

The intramolecular charge transfer (ICT) from the donor (D) to the acceptor (A) in the excited 

state is crucial for triplet harvesting by thermally activated delayed fluorescence (TADF) and/ or room 

temperature phosphorescence (RTP). A suitable D-A pair is essential for tuning the charge transfer to 

achieve the TADF or RTP. The presence of multiple electron-withdrawing cyano or imine groups on a 

phenyl ring leads to a strong acceptor unit. 4-(dimethylamino)benzonitrile (DMABN) having a single 

cyano group is the most studied D-A molecule for charge transfer. Adachi and coworkers reported ICT 

molecules based on dicyanobenzene, a relatively stronger electron-withdrawing acceptor unit for highly 

efficient TADF emission.1 Bryce and coworkers studied the effect of molecular geometry for the tuning 

of TADF and RTP emission based on benzophenone,2,3 9,9-dimethyl-9H-thioxanthene 10,10-dioxide,4 

and dibenzothiophene-5,5-dioxide,5-7 containing acceptor units. Xie et al. reported delayed emission with 

high quantum efficiency in the red region (λem = 600 nm) with rigid planar dibenzo[a,c]phenazine as the 

acceptor core.8 TADF active dibenzo[a,c]phenazine-11,12-dicarbonitrile based D-A materials with red 

and near-infrared electroluminescent characteristics were reported by several groups.9,10 Quinoxaline 

based D-A-D molecules for dual mechanochromism was reported by Grazulevicius and coworkers.11 

Jiang and coworkers reported RTP and TADF emitters based on diphenylquinoxaline acceptor units.12 

Phenazine and quinoxaline-based D-A architectures are well explored in optoelectronics.12-16 But, 

their application is limited due to the low charge transfer efficiency.9 To augment the electron-

withdrawing capabilities in comparison to quinoxaline and phenazine, incorporation of an additional 

nitrogen-containing heterocycle to the quinoxaline unit is a facile alternative. Herein, we describe N-rich 

dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQ) and 2,3-diphenylpyrido[2,3-b]pyrazine (PZ) as novel acceptor 

units and a versatile design platform to construct a series of fascinating D-A compounds. Both the 

acceptor cores have better electron-withdrawing abilities due to the presence of the multiple numbers of 

electronegative nitrogen atoms (Fig. 1a). The difference between PQ and PZ core is in the -spacer 

groups.   

The computational calculations of the HOMO/LUMO distribution and HOMO/LUMO levels of 

various reported donor and acceptor units are shown in Fig. 1a and Table S1, S2. The calculations were 

carried out using the density functional theory (DFT) with B3LYP 6-31G (d,p) basis set in the Gaussian 

09W  program package.9,17 The electron-donating capability of the donor cores were estimated from the 

electronic distribution of the HOMO.17 The LUMO levels of the acceptors reflect the electron-accepting 

characters.17 Phenoxazine and phenothiazine are the known examples of the strong donor moieties, 

whereas carbazole is a comparatively weaker donor.17 On the other hand, PQ and PZ are the stronger 

acceptor units as compared to that of the other commonly used acceptors depicted in Fig. 1a. Thus, we 

choose weak carbazole and strong phenoxazine donor to construct a series of new D3-A compounds for 

the tuning of the charge transfer based on rigid PQ and flexible PZ acceptor cores.  
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Table S1 HOMO-LUMO distribution and energy values of various acceptor units used for the triplet harvesting, 

estimated by DFT at the B3LYP/6-31G(d,p) level. 

Sl. No Structure 
MOs Energy (- eV) 

HOMO LUMO HOMO LUMO 

1 7.27 1.42 

2 7.77 2.36 

3 7.84 2.25 

4 7.74 2.54 

5 6.62 1.75 

6 6.15 1.74 

7 7.60 1.59 

8 7.12 1.38 

9 7.04 1.27 

10 7.73 2.26 

11 6.67 1.82 
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12 6.82 1.43 

13 6.06 1.38 

14 6.71 1.94 

15 6.09 2.42 

16 6.03 2.21 

This work 

(PQ) 
6.18 2.46 

17 6.07 1.90 

This work 

(PZ) 
6.18 2.18 

Table S2 Comparison of the intrinsic electron-donating capability (HOMO level) of various donor units used for 

the triplet harvesting, estimated by DFT at the B3LYP/6-31G(d,p) level. 

Sl. No 
Structure 

MOs Energy (- eV) 

HOMO LUMO HOMO LUMO 

This work 

(Cz) 
5.46 0.66 

2 (DPA) 
5.09 0.14 
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3 (TPA) 

4.95 0.32 

This work 

(PO) 
4.69 0.24 

5 (PS) 

4.68 0.45 

III. Synthesis and Characterization

3.1 Synthesis of precursor compounds: 

Pyridoquinoxaline (PQ) and pyridopyrazine (PZ) based precursor compounds were synthesized 

following reported procedures with minor modifications.18 The bromination of phenanthraquinone at 2,7 

and 3,6-positions resulted in 2,7-dibromophenanthrene-9,10-dione (P1) and 3,6-dibromophenanthrene-

9,10-dione (P2). Further, Schiff- base condensation of P1 and P2 with 5-bromopyridine-2,3-diamine 

yielded derivatives of 2,7,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQT) and 3,6,12-

tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQV) as the central acceptor cores (Scheme S1). The 

pyridopyrazine core (PZV) was synthesized by Schiff base condensation between 1,2-bis(4-

bromophenyl)ethane-1,2-dione and 5-bromopyridine-2,3-diamine following a similar synthetic protocol 

(Scheme S2). 

Scheme S1 Synthetic routes of 2,7,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQT) and 3,6,12-

tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQV). 
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Scheme S2 Synthetic route for 7-bromo-2,3-bis(4-bromophenyl)pyrido[2,3-b]pyrazine (PZV). 

Synthesis of 2,7-dibromophenanthrene-9,10-dione (P1): To a solution of phenanthrene-9,10-dione 

(500 mg, 1 eqv.) in 98% H2SO4, N-bromosuccinimide (1 g, 2.5 eqv.) was added while stirring. The stirring 

was continued for 3 h at room temperature. Subsequently, the reaction mixture was poured onto crushed 

ice to quench the unreacted acid as well as precipitation of the desired product. The orange product was 

filtered off, washed with cold water, and recrystallized in DMSO to obtain 2,7-dibromophenanthrene-

9,10-dione with yield 72% (Scheme S1). 

1H NMR (500 MHz in DMSO-d6, δH): 8.26 (2 H, d, J = 8.5 Hz), 8.09 (2 H, d, J = 2.3 Hz), 7.97 (2 H, dd, 

J = 8.5, 2.3 Hz). 13C NMR (176 MHz in DMSO-d6, δc): 177.24, 137.86, 134.05, 133.62, 131.47, 127.38, 

123.29.  

Synthesis of 3,6-dibromophenanthrene-9,10-dione (P2): A mixture of (1g, 1 eqv.) of 9,10-

phenantrenequinone, (94 mg, 0.08 eqv.) dibenzoyl peroxide and 0.1 mL bromine in 20 mL nitrobenzene 

was refluxed at 130 °C. After initiation of the reaction additional 0.45 mL of bromine was added dropwise. 

The reaction mixture was stirred for 6 h at 130 °C and then was allowed to cool to room temperature. The 

product precipitated out upon addition of hexane. After filtration and washing with copious amounts of 

hexane, 3,6-dibromophenanthrene-9,10-quinone was obtained as dark yellow solid (P2) with yield of 65% 

(Scheme S1).  

1H NMR (500 MHz, CDCl3, δH): 8.12 (1 H, d, J = 1.9 Hz), 8.07 (1 H, dd, J = 8.2, 1.4 Hz), 7.69 – 7.65 

(1 H, m). 13C NMR (126 MHz, CDCl3, δ):  178.75, 135.83, 133.33, 132.00, 131.99, 129.75, 127.29.  

Synthesis of 2,7,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQT): P1 (200 mg, 1 eqv.) and 5-

bromopyridine-2,3-diamine (122 mg, 1.2 eqv.) were dissolved in 20 mL ethanol. After a while, 5-6 drops 

of acetic acid were added to the reaction mixture while stirring. The mixture was refluxed for 90 min at 

78 oC. The reaction mixture was brought to room temperature, and filtration followed by washing with 

ethanol afforded the product 2,7,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline as a pale yellowish 

solid with yield 85% (Scheme S1).  

1H NMR (500 MHz in CDCl3, H): 9.56 (1 H, d, J = 2.3 Hz), 9.32 (2 H, m), 8.84 (1 H, dd, J = 2.5, 1.3 

Hz), 8.32 (2 H, m), 7.93 – 7.87 (2 H, m). Due to the low solubility of PQT in common deuterated organic 

solvents, 13C NMR characterization was not possible. HRMS (APCI): M+H+ (m/z) calculated for 

C19H8Br3N3: 517.8248; found: 517.8300. 

Synthesis of 3,6,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQV): P2 (200 mg, 1 eqv.) and 5-

bromopyridine-2,3-diamine (122 mg, 1.2 eqv.) were dissolved in 20 mL ethanol. Then 5-6 drops of acetic 

acid were added to the reaction mixture while stirring. The mixture was refluxed for 90 min at 78 oC. The 

reaction mixture was brought to room temperature, and filtration followed by washing with ethanol 
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afforded the product 3,6,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline as a yellowish solid with yield 

85% (Scheme S1).  

1H NMR (700 MHz in CDCl3, H): 9.37 (1 H, d, J = 8.6 Hz), 9.30 (1 H, d, J = 2.5 Hz), 9.19 (1 H, d, J = 

8.6 Hz), 8.86 (1 H, d, J = 2.4 Hz), 8.64 (2 H, m), 7.92 (2 H, m). Due to the low solubility of PQV in 

common deuterated organic solvents, 13C NMR characterization was not possible. HRMS (APCI): 

M+H+ (m/z) calculated for C19H8Br3N3: 517.8248; found: 517.8359. 

Synthesis of 7-bromo-2,3-bis(4-bromophenyl)pyrido[2,3-b]pyrazine (PZV): 1,2-bis(4-

bromophenyl)ethane-1,2-dione (200 mg, 1 eqv.) and 5-bromopyridine-2,3-diamine (122 mg, 1.2 eqv.) 

were dissolved in 20 mL ethanol. Then 5-6 drops of acetic acid were added to the reaction mixture while 

stirring. The mixture was refluxed for 90 min at 78 oC. The reaction mixture was brought to room 

temperature and filtration followed by washing with ethanol afforded the product PZV as a white solid 

with yield 80% (Scheme S2). 

1H NMR (500 MHz in CDCl3, H): 9.17 (1 H, d, J = 2.4 Hz), 8.66 (1 H, d, J = 2.4 Hz), 7.56 – 7.48 (6 H, 

m), 7.45 – 7.41 (2 H, m).  13C NMR (126 MHz in CDCl3, δC): 155.66, 139.39, 136.69, 136.59, 136.33, 

131.93, 131.77, 131.70, 131.40, 124.76, 124.61, 121.43. HRMS (APCI): M+H+ (m/z) calculated for 

C19H10Br3N3: 519.8504; found: 519.8508. 

3.2 Synthesis of donor-acceptor compounds: 

The C-N coupling of both the precursor with the donor moieties was achieved through Pd-

catalysed Buchwald-Hartwig amination reaction.18 The detailed synthetic procedure is discussed below. 

Synthesis of 2,7,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQTCz): Toluene 

(10 mL) was added to a mixture of 1 eqv. PQT (100 mg) and 3.2 eqv. carbazole, Pd2(dba)3 (0.15 eqv.), 

t-BuOK (4.0 eqv.) and X-Phos (0.15 eqv.). The solution was stirred under the argon atmosphere at 110

°C for 24 h. After cooling to the room temperature, the reaction was quenched by adding 10% aqueous 

NaHCO3 and 20 mL distilled water. The organic layer was then extracted with dichloromethane (3 x 15 

mL). The collected organic products were then dried over anhydrous MgSO4 and concentrated under 

vacuum. The residue was purified by column chromatography (hexane/DCM 1:4) in alumina gel to afford 

dark brown solid with a yield 62% (Scheme S3). 

1H NMR (500 MHz in CDCl3, δH): 9.86 (1 H, d, J = 2.2 Hz), 9.68 (1 H, d, J = 2.2 Hz), 9.59 (1 H, d, J = 

2.7 Hz), 8.87 (3 H, m), 8.17 (8 H, m), 7.64 (6 H, m), 7.47 (6 H, m), 7.35 (6 H, m). 13C NMR (176 MHz 

in CDCl3, δC): 154.12, 148.33, 144.40, 143.77, 140.76, 140.08, 139.32, 138.31, 138.01, 137.97, 135.58, 

132.89, 131.54, 131.16, 130.89, 130.81, 129.92, 129.80, 127.85, 126.72, 126.26, 126.22, 125.60, 125.23, 

125.12, 124.78, 124.31, 123.77, 123.74, 121.54, 120.76, 120.54, 120.48, 120.45, 114.09, 109.88, 109.76, 

109.38. HRMS (APCI): M+H+ (m/z) calculated for C55H32N6: 777.2767; found: 777.2775. M. Pt.: 273 
oC (decomp.). 
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Scheme S3 Synthetic route of 2,7,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQTCz). 

Synthesis of 3,6,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQVCz): A mixture 

of 3,6,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (0.1 mmol), carbazole (0.32 mmol), 

tris(dibenzylideneacetone)dipalladium(0) Pd2(dba)3 (0.015 mmol), potassium tert-butoxide t-BuOK (0.4 

mmol) and 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl X-Phos (0.6 mmol) was added into 8 

mL of dry toluene in a Schlenk tube. The solution was then stirred under the nitrogen atmosphere for 24 

h at 110 °C temperature. The reaction was quenched by adding 20 mL distilled water after cooling to the 

room temperature. The organic layer was collected in dichloromethane (3 x 15 mL). The collected organic 

layer was then dried over anhydrous magnesium sulphate MgSO4 and after the filtration concentrated 

under vacuum. The residue was purified through column chromatography (neutral alumina) using 

dichloromethane/hexane solvent mixture as eluent to obtain the desired compound PQVCz as a dark 

orange solid powder with yield 62% (Scheme S4). 

1H NMR (500 MHz in CDCl3, δH): 9.88 (1 H, d, J = 8.5 Hz), 9.71 – 9.67 (2 H, m), 8.97 (1 H, d, J = 2.7 

Hz), 8.76 (2 H, s), 8.25 (2 H, d, J = 7.8 Hz), 8.17 (4 H, d, J = 7.8 Hz), 8.10 (2 H, m), 7.71 (2 H, d, J = 8.3 

Hz), 7.62 (4 H, m), 7.55 (2 H, m), 7.45 (6 H, m), 7.33 (4 H, m). 13C NMR (176 MHz in CDCl3, δH): 

153.99, 148.55, 144.51, 143.85, 141.08, 140.95, 140.45, 140.27, 137.92, 135.51, 133.61, 133.14, 129.58, 

129.02, 128.69, 128.40, 127.27, 127.20, 126.77, 126.39, 126.36, 124.34, 123.90, 121.56, 121.04, 120.93, 

120.86, 120.72, 120.61, 120.59, 109.69, 109.64, 109.45. HRMS (APCI): M+H+ (m/z) calculated for 

C55H32N6: 777.2767; found: 777.2775. M. Pt.: ~ 362 oC (decomp., considering darkening of color and 

textural change).  

Scheme S4 Synthetic route of 3,6,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQVCz). 



S10 

Synthesis of 9,9'-((7-(9H-carbazol-9-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-phenylene))bis(9H-

carbazole) (PZVCz): A mixture of PZV (100 mg, 1 eqv.), carbazole (3.2 eqv.), Pd2(dba)3 (0.15 eqv.), t-

BuOK (4.0 eqv.) and X-Phos (0.15 eqv.) was added in toluene (10 mL). The reaction mixture was stirred 

at 110 oC for 24 h under the argon atmosphere. After cooling to room temperature, the reaction was 

quenched by 10% aq. NaHCO3 and 20 mL distilled water. The organic products were then extracted with 

dichloromethane (3 x 15 mL), dried over MgSO4 and concentrated under vacuum. The crude product was 

purified by column chromatography (n-hexane/ DCM 1:1) to afford a yellow solid with yield 65% 

(Scheme S5).  1H NMR (500 MHz in CDCl3 δH) 9.57 (1 H, d, J = 2.6 Hz), 8.83 (1 H, d, J = 2.6 Hz), 8.23 

(2 H, d, J = 7.8 Hz), 8.17 (4 H, dd, J = 7.7, 2.5 Hz), 8.08 – 8.04 (2 H, m), 8.01 – 7.97 (2 H, m), 7.74 (4 

H, m), 7.65 (2 H, d, J = 8.2 Hz), 7.52 (6 H, m), 7.47 – 7.40 (6 H, m), 7.33 (4 H, m). 13C NMR (176 MHz 

in CDCl3 δH) 155.31, 154.65, 153.42, 148.36, 140.42, 140.17, 139.36, 139.34, 136.89, 136.71, 136.54, 

135.87, 133.15, 131.98, 131.61, 126.95, 126.73, 126.67, 126.24, 124.30, 123.75, 121.53, 120.83, 120.51, 

120.48, 120.46, 109.74, 109.67, 109.38. HRMS (APCI): M+H+ (m/z) calculated for C55H34N6: 

779.2845; found: 779.2898. M. Pt.: 355 oC (decomp., considering color change from yellow to orange). 

Scheme S5 Synthetic route of 9,9'-((7-(9H-carbazol-9-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-

phenylene))bis(9H-carbazole) (PZVCz). 

Synthesis of 10,10'-((7-(10H-phenoxazin-10-yl)pyrido[2,3-b]pyrazine-2,3-

diyl)bis(4,1-phenylene))bis(10H-phenoxazine) (PZVPO): A mixture of PZV (100 mg, 1 eqv.), 

phenoxazine (200 mg, 3.2 eqv.), Pd2(dba)3 (0.15 eqv.), t-BuOK (4.0 eqv.) and X-Phos (0.15 eqv.) was 

added in toluene (10 mL). The reaction mixture was stirred at 110 oC for 24 h under the argon 

atmosphere. After cooling to room temperature, the reaction was quenched by 10% aq. NaHCO3 and 

20 mL distilled water. The organic residue was then extracted with dichloromethane (3 x 15 mL), 

dried over MgSO4 and concentrated under vacuum. The crude product purified by column 

chromatography (n-hexane/ DCM 1:2) to afford red solid with yield 80% (Scheme S6). 

1H NMR (500 MHz in CDCl3, δH) 9.23 (1 H, d, J = 2.6 Hz), 8.66 (1 H, d, J = 2.6 Hz), 7.93 – 7.90 (2 

H, m), 7.88 – 7.85 (2 H, m), 7.44 (4 H, m), 6.82 (4 H, m), 6.72 – 6.63 (10 H, m), 6.54 (4 H, m), 6.19 

(2 H, m), 5.97 (4 H, m). 13C NMR (176 MHz in CDCl3, δC): 157.53, 155.77, 154.29, 148.85, 144.45, 

143.95, 140.68, 140.65, 139.42, 138.03, 137.85, 137.28, 136.97, 133.82, 133.79, 133.03, 132.92, 

132.63, 131.19, 130.95, 123.53, 123.45, 123.41, 123.03, 121.77, 121.74, 116.37, 115.70, 115.67, 

113.71, 113.13. HRMS (APCI): [M+H]+ (m/z) calculated for C55H34N6O3: 827.2771; found: 

827.2744. M. Pt.: 348 oC (decomp.). 
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Scheme S6 Synthetic route of 10,10'-((7-(10H-phenoxazin-10-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-

phenylene))bis(10H-phenoxazine) (PZVPO). 
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IV. Spectroscopic characterization

4.1 Electronic absorption: 
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Fig. S1 Normalized absorption spectra of (a) PQTCz, (b) PQVCz, (c) PZVCz, and (d) PZVPO compared with 

absorption of the respective acceptor (PQT, PQV, and PZV) cores and donor carbazole (Cz) and phenoxazine (PO) 

units in toluene. 

The absorption spectra of the four D3-A compounds PQTCz, PQVCz, PZVCz, and PZVPO were 

compared with that of their constituent units (donor and acceptor) in toluene.19 The prominent absorption 

bands for all the four compounds were observed mostly in the UV region, solely contributed by the donor 

units (carbazole or phenoxazine). On the other hand, the small hump (at 350 to 390 nm) in the absorption 

spectra can be attributed due to the acceptor cores PQT and PZV in PQTCz and PZVCz, respectively 

(Fig. S1a, c). Whereas, such humps were not noticeable in PQVCz and PZVPO due to the effective 

electronic communication between the acceptor cores and the donor units (Fig. S1b, d). The red-shifted 

absorption bands in the visible region for all the D3-A compounds were due to the extended conjugation 

between the donors and acceptor units. Both PQTCz and PQVCz showed a broad absorption band at 

around 470 nm (Fig. S1a, b). However, the intensity of the band was much higher for PQVCz as compared 

to that of PQTCz. The facile electronic communication due to the 3,6-connectivity (para substitution, V 

shape) in PQVCz is the reason behind such observation.18,20 On the other hand, when we moved from 

PQVCz to PZVCz, a comparatively blue-shifted broad absorption band was noticed at 430 nm. It is due 

to the flexible conformation of the PZ core as compared to that of the rigid PQ core (Fig. S1b and S1c). 

The red shift in absorption of PZVPO as compared to PZVCz is due to the strong donor group 

phenoxazine over carbazole. The similar nature of absorption in PQVCz, PZVCz, and PZVPO was due 

to the para-substituted donor in PQV and PZV. The direct ground state communication between the donor 

and acceptor through +R effect is the origin of red-shifted absorption in D3-A compounds.18,19  
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Steady-state absorption measurements of PQTCz, PQVCz, PZVCz, and PZVPO were carried out 

in five different solvents of varying polarity (Fig. S2). There is no significant change of absorption with 

solvent polarity for all the compounds. It indicates that the ground state geometry is not perturbed with 

the solvent polarity.19, 21  
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Fig. S2 Normalized absorption spectra of (a) PQTCz, (b) PQVCz, (c) PZVCz, and (d) PZVPO in different solvents 

with varying polarity. TL: toluene, DIO: 1,4-dioxane, THF: tetrahydrofuran, DCM: dichloromethane, DMF: 

dimethylformamide, CH: chloroform, DMSO: dimethyl sulfoxide. 

4.2 Absorption analysis: 

The prominent absorption band of PQVCz, ranging from abs = 320-332 nm, is due to the -* transitions. 

Comparing with the precursors carbazole (Cz) and PQV unit, as shown in Fig. S1b suggests that the band 

at around 320 nm is due to the Cz absorption. Instead of the PQV absorption band at around 380-400 nm, 

a new red shifted absorption band around 470 nm was observed in PQVCz. The slight red shift with 

solvent polarity (not consistent) indicates intramolecular charge transfer (ICT). However, progressive red 

shift with solvent polarity as expected for the strong solvatochromic dye was not observed in PQVCz as 

well as in other D3-A compounds. On the other hand, all the compounds exhibit strong ICT fluorescence 

upon excitation. Additionally, the excitation spectra in different polar solvents also revealed a similar 

nature that observed from the absorption spectra (Fig. S6b).  
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Fig. S3 The absorption spectra of PQVCz normalized at (a) -*and (b) ICT bands in different solvents with 

varying polarity. TL: toluene, DIO: 1,4-dioxane, THF: tetrahydrofuran, CH: chloroform, DCM: dichloromethane. 

Table S3 Molar absorption coefficients (ε) of D3-A compounds in toluene at π-π* and ICT bands. 

Compd. Absorption bands (nm) 

-* (, M-1 cm-1) ICT (, M-1 cm-1) 

PQTCz 338 (20645) 470 (6153) 

PQVCz 320 (20500) 469 (12402) 

PZVCz 325 (26214) 430 (15746) 

PZVPO 343 (27522) 481 (3862)  

 

4.3 Electronic Emission: 

Steady-state emission measurements of PQTCz, PQVCz, PZVCz, and PZVPO were carried out 

in five different solvents of varying polarity. Emission spectra of PQTCz, PQVCz, and PZVCz were 

found to be gradually red-shifted with increasing solvent polarity depicting highly sensitive 

solvatochromic behaviour (Fig. S4).22 However, PZVPO was almost nonemissive in moderately polar 

and polar solvents due to strong D-A pair leading to dark TICT state.21 Hence, we checked the emission 

of PZVPO in nonpolar solvent toluene only. The red region emission band at 625 nm indicates the facile 

ICT behaviour of PZVPO among the series of D3-A compounds (Fig. S5d).  
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Fig. S4 Normalized emission spectra of (a) PQTCz (ex = 465 nm), (b) PQVCz (ex = 465 nm), and (c) PZVCz (ex 

= 425 nm) in different solvents with varying polarity. TL: toluene, DIO: 1,4-dioxane, THF: tetrahydrofuran, DCM: 

dichloromethane, DMF: dimethylformamide, CH: chloroform, DMSO: dimethyl sulfoxide. 
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The large solvatochromic shifts in the fluorescence spectra with no significant shift in the 

absorption spectra on increasing the solvent polarity indicate the presence of a highly polarized excited 

state with respect to the ground state. The spectral broadening of the emission band and positive 

solvatochromic behaviour are the two characteristic features indicative of the presence of a strong ICT 

character.19, 21 The ICT behaviour was further substantiated through Lippert-Mataga plot (vide infra). 
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Fig. S5 Normalized emission spectra of (a) PQTCz, (b) PQVCz, (c) PZVCz, and (d) PZVPO in toluene at different 

excitation wavelengths. 

The emission was found to be independent of the excitation wavelength for all the D3-A 

compounds (Fig. S5). It signifies that the emission is coming from the same energy state irrespective of 

excitation wavelengths. Further, the excitation spectra were recorded with varying solvent polarity at 

respective emission maxima in different solvents. As shown in Fig. S6, the excitation spectra are similar 

to the corresponding absorption spectra and remain unchanged with varying solvent polarity.19  
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Fig. S6 Normalized excitation spectra of (a) PQTCz (em = 570 nm), (b) PQVCz (em = 520 nm), (c) PZVCz (em 

= 490 nm) and, (d) PZVPO (em = 615 nm in TL) in different polar solvents. TL: toluene, DIO: 1,4-dioxane, THF: 

tetrahydrofuran, DCM: dichloromethane, CH: chloroform, DMF: dimethylformamide. 

4.4 Lippert-Mataga plot: 

Lippert-Mataga (L-M) theory of general solvent effects provides a useful framework to understand 

the solvent-dependent spectral shifts.19, 21, 22 The interactions between the solvent molecules and the 

fluorophore affect the energy difference between the ground and the excited state of the fluorophore. The 

energy difference is a property of the refractive index (n) and dielectric constant () of the solvent and is 

described by the L-M equation as:   

 ∆̅ =  𝑎̅̅ ̅ − 𝑓̅̅̅ =  
2

ℎ𝑐
( 

−1

2+1
−

𝑛2−1

2𝑛2+1
) 

(𝐸−𝐺)2

𝑎3 + constant   (1) 

or,  ∆̅ =  
2

ℎ𝑐
 (𝑓) 

(𝐸−𝐺)2

𝑎3 + constant    (2) 

where, 

ν̅𝑎 and ν̅𝑓: wavenumbers (cm-1) of the absorption and emission, respectively 

 
𝐸

 and 
𝐺

: dipole moments of the fluorophore in the excited and ground states, respectively 

𝑓: orientation polarizability of the solvent 

a: radius of the cavity in which fluorophore resides 

h: Planck’s constant 

c: speed of light in vacuum  
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The L-M equation is an approximation in which the polarizability of the fluorophore and higher-order 

terms are neglected. The specific solvent fluorophore interactions, such as hydrogen bonding and 

formation of charge-transfer states, are excluded. According to this model, only solvent reorientation is 

expected to result in a substantial Stokes shift. Thus, an ideal L-M plot demonstrates the linear relation of 

Stokes shift (∆̅) and orientation polarizability of the solvent (𝑓). However, as depicted in Fig. S7, a 

clear deviation from linearity is observed in the L-M plot for PQTCz (R2 = 0.73). However, a better linear 

fitting was observed for PQVCz (R2 = 0.90) and PZVCz (R2 = 0.82). This is consistent with the formation 

of a highly dipolar excited state ICT or TICT for D3-A compounds, particularly in PQTCz due to strong 

charge transfer interactions as compared to PQVCz and PZVCz.18, 19, 21, 22  

Table S4 Reichardt’s solvent polarity parameters, 𝐸𝑇
𝑁, dielectric constants (ε), refractive indices (η), orientation 

polarizabilities (Δ𝑓) of different solvents including the Stokes shift (∆̅) of PQTCz, PQVCz, and PZVCz as a 

function of the different solvents. 

Solvent parameters Stokes shift (cm-1) 

Entry 𝐸𝑇
𝑁   f PQTCz PQVCz PZVCz PZVPO 

Toluene 0.099 2.38 1.497 0.013 3976 2210 2996 5245 

1,4- dioxane 0.164 2.25 1.422 0.024 4649 2937 3809 - 

Tetrahydrofuran 0.207 7.58 1.407 0.210 5291 4114 4798 - 

Chloroform 0.259 4.81 1.446 0.148 5619 3532 - - 

Dichloromethane 0.309 8.93 1.424 0.217 5955 4222 5424 - 

A relationship between the solvent polarity parameter (𝐸𝑇
𝑁) and Stokes shift (̅) in various 

solvents was studied to probe the nature of the dipole-dipole interaction between the fluorophore and the 

solvent molecules.22 Generally, such an interaction is highly stabilized in solvents of high polarity given 

that the excited state is also highly dipolar in nature. Consequently, a larger Stokes shift is expected in a 

more polar solvent. The same is demonstrated through Reichardt’s plot (Fig. S7). A linear relationship 

was observed between the Stokes shift and solvent polarity for all the D3-A compounds. 
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Fig. S7 (a) Lippert-Mataga plot illustrating the Stokes shift (̅) versus the solvent orientation polarizability (f) 

and (b) Reichardt’s plot depicting the Stokes shift (̅) versus the solvent polarity parameter (𝐸𝑇
𝑁) of PQTCz (blue), 

PQVCz (green), and PZVCz (red) in different polar solvents. The numbers in the plot refer to the solvents: (1) 

toluene, (2) 1,4- dioxane, (3) tetrahydrofuran, (4) chloroform, and (5) dichloromethane. The dotted line represents 

the best linear fit. 
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To define the solvent polarity in Reichardt's plot, ET(30) and 𝐸𝑇
𝑁 values for different solvents are 

used. ET(30) is defined as the molar electronic transition energies (ET) of dissolved pyridinium N-

phenolate betaine dye measured in kilocalories per mole (kcal.mol-1) at room temperature (25 °C) and 

normal pressure (1 bar).22   

ET(30) (Kcal mol−1) = hc̅𝑚𝑎𝑥NA   (3) 

Where h is the Plank’s constant, c is the speed of light, NA is Avogadro’s number, and ν is the electronic 

transition energy in wavenumber. 𝐸𝑇
𝑁 is the normalized value for which water and tetramethylsilane 

(TMS) are used as extreme polar and non-polar reference solvents, respectively. The normalized 𝐸𝑇
𝑁value 

is scaled approximately from 0 for TMS, the least polar solvent to 1.000 for water, the most polar solvent. 

𝐸𝑇
𝑁 =  (

ET(solvent)−ET(TMS)

ET(water)−ET(TMS)
)    (4) 

4.5 Fluorescence quantum yield and time-resolved spectroscopy:  

The fluorescence quantum yields of PQTCz, PQVCz, and PZVPO were estimated by comparison 

with quinine hemisulfate dye in 0.1 M HClO4 (Φ𝑓 = 0.59). The quantum yield of PZVCz was calculated 

using Coumarin 153 dye in EtOH (Φ𝑓 = 0.53).23, 24 

Φ𝑓,𝑥 = Φ𝑓,𝑠 ∗
F𝑋

F𝑆
∗

f𝑆

f𝑋
∗

n𝑋
2

n𝑆
2 ….  (5) 

Where Φ𝑓 is the fluorescence quantum yield, the subscript 𝑥 denotes sample, and the subscript 𝑠 refers to 

the standard dye. 𝐹 denotes integral fluorescence, 𝑛 refers to the refractive index of the solvent used in 

the measurements and 𝑓 is the absorption factor at the excitation wavelength given by the following 

equation: 𝑓 = 1 − 10−𝜀(𝜆𝑒𝑥)𝑐𝑙 =  1 − 10−𝐴(𝜆𝑒𝑥) , where A is the absorbance, and 𝜀 = molar extinction 

coefficient in L mol-1 cm-1.   
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Fig. S8 Emission decay profiles of (a) PQTCz (ex = 468 nm), (b) PQVCz (ex = 468 nm), and (c) PZVCz (ex = 

410 nm) in different polar solvents. TL: toluene, DIO: 1,4-dioxane, THF: tetrahydrofuran, DCM: dichloromethane, 

DMF: dimethylformamide, CH: chloroform, DMSO: dimethyl sulfoxide. 

All the compounds showed a biexponential emission decay profile at room temperature in solvents 

of varying polarities (Fig. S8). Such a biexponential emission decay profile was observed presumably due 

to the presence of mixed locally excited (LE) and ICT states.  
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4.6 Spectroscopic data table: 

Table S5 Spectroscopic data of PQTCz in various organic solvents; the decay times (1, 2), the respective 

percentage contributions (α1, α2), and the quality of fitting (χ2) are shown. 

Solvent  Abs. Emission 
Quantum 

Yield 

Stokes 

shift 
∆�̅� 

Lifetime (ns) 

(ex = 468 nm) 

Entry 𝐸𝑁
𝑇 max

 (nm) max (nm) % (nm) (cm-1) 1 (ns) 1 2 (ns) 2 ( 2) 

Toluene 0.099 470 575 18 107 3976 3.8 7 18.4 93 1.01 

1,4- dioxane 0.164 463 590 21 127 4649 6.2 5 25.3 95 1.11 

THF 0.207 464 615 21 151 5291 2.8 5 20.1 95 1.03 

Chloroform 0.259 468 635 4 167 5619 2.4 1 20.3 99 1.07 

DCM 0.309 466 645 6 179 5955 7.4 6 17.0 94 1.14 

 

Table S6 Spectroscopic data of PQVCz in various organic solvents; the decay times (1, 2), the respective 

percentage contributions (α1, α2), and the quality of fitting (χ2) are shown. 

Solvent  Abs. Emission 
Quantum 

Yield 

Stokes 

shift 
∆�̅� 

Lifetime (ns) 

(ex = 468 nm) 

Entry 𝐸𝑁
𝑇 max

 (nm) max (nm) % (nm) (cm-1) 1 (ns) 1 2 (ns) 2 ( 2) 

Toluene 0.099 469 522 6 54 2210 1.3 7 4.0 93 1.16 

1,4- dioxane 0.164 476 552 6 77 2937 4.3 19 6.6 81 1.00 

THF 0.207 469 575 2 110 4114 3.2 6 6.6 94 1.07 

Chloroform 0.259 486 578 <1 98 3532 4.1 5 8.1 95 1.2 

DCM 0.309 479 602 <1 122 4222 3.9 4 7.9 96 1.2 

 

Table S7 Spectroscopic data of PZVCz in various organic solvents; the decay times (1, 2), the respective 

percentage contributions (α1, α2), and the quality of fitting (χ2) are shown.  

Solvent  Abs. Emission 
Quantum 

Yield 

Stokes 

shift 
∆�̅� 

Lifetime (ns) 

(ex = 440 nm) 

Entry 𝐸𝑁
𝑇 max

 (nm) max (nm) % (nm) (cm-1) 1 (ns) 1 2 (ns) 2 ( 2) 

Toluene 0.099 425, 435 487 15 62, 52 2996 1.2 8 4.5 92 1.06 

1,4- dioxane 0.164 420 500 1-2 80 3809 0.8 2 6.7 98 1.05 

THF 0.207 420 526 1-2 106 4798 1.6 4 9.3 96 1.07 

DCM 0.309 425 552 <1 127 5424 5.5 4 11.1 96 1.13 
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V. Time resolved Emission Spectra (TRES): LE vs. ICT 

A single emission band at em = 565 nm was observed for PQTCz in toluene. However, a 

biexponential emission decay was observed with the decay time 3.8 ns and 18.4 ns. To get the decay 

associated emission spectra for a particular timescale, emission decays from 350 nm to 750 nm with the 

gap of 5 nm were measured. The reconstructed decay-associated fluorescence spectra at 1.5 ns and 18.9 

ns showed two different spectral profiles (Fig. S9). The emission spectrum at 18.9 ns is due to the charge 

transfer emission.25 The spectral profile at 1.5 ns is quite similar to that of carbazole in toluene, which 

indicates the emission from the locally excited (LE, Fig. S10) state. 
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Fig. S9 (a) Emission decay profile (ex = 468 nm, em = 570 nm), and (b) time-resolved emission spectra of PQTCz 

along with the steady-state (SS) emission spectrum in toluene at room temperature. 
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Fig. S10 The normalized emission spectrum (ex = 300 nm) of carbazole in toluene at room temperature. 

The biexponential fluorescence decay of PQVCz in toluene at room temperature was observed 

with the decay time 1.3 and 4.0 ns (Fig. S11). Interestingly, the decay associated spectra of PQVCz at 1.3 

and 4.0 ns are identical. This is due to the facile ground state communication between the donor and 

acceptor units in PQVCz, as observed in the absorption spectra. Thus, the structural LE emission due to 

the donor units was not observed in PQVCz. Similarly, the biexponential decay was observed in PZVCz 

with the decay time 1.2 and 4.5 ns in toluene at room temperature (Fig. S12). However, a clear signature 

of LE emission from the donor carbazole was noticeable. The breaking of the ground state communication 

between the D and A units in PZVCz is due to the flexible -spacer resulting in the distinct LE and charge 

transfer emission at room temperature.  
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Fig. S11 (a) Emission decay profile (ex = 468 nm, em = 525 nm), and (b) time-resolved emission spectra of PQVCz 

along with the steady-state (SS) emission spectrum in toluene at room temperature. 
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Fig. S12 (a) Emission decay profile (ex = 410 nm, em = 490 nm), and (b) time-resolved emission spectra of PZVCz 

along with the steady-state (SS) emission in toluene at room temperature. 
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Fig. S13 (a) Emission decay profile (ex = 468 nm, em = 620 nm), and (b) time-resolved emission spectra of PZVPO 

along with the steady-state (SS) emission spectrum in toluene at room temperature.  
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VI. Low-temperature emission measurements 

6.1 Steady-state emission spectra: 

The fluorescence emission spectra of PQTCz, PQVCz, PZVCz, and PZVPO at liquid nitrogen 

temperature (77 K) provide important insights about their photophysical characteristics in the condensed 

state.3 A significant emission is observed from all the four D-A compounds at 77 K (Fig. S14). The 

intramolecular rotations across the D-A bonds are restricted to a large extent owing to the increased 

rigidity of the molecular environment. This, in turn, inhibits the thermally activated non-radiative decay 

channels and results in substantial photoluminescence. The appearance of the featured bands for all the 

compounds at 77 K as compared to that of the solution state is presumably due to the formation of the 

rigid molecular structure at such low temperatures. 
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Fig. S14 Normalized emission spectra of (1) PQTCz, (2) PQVCz, (3) PZVCz, and (4) PZVPO in toluene at 77 K. 
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Fig. S15 Emission decay profiles of PQTCz in (a) nanosecond (ex = 468 nm) and (b) second (ex = 461 nm) 

timescale in toluene at 77 K. 
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Fig. S16 Emission decay profiles of PQVCz in (a) nanosecond (ex = 468 nm) and (b) second (ex. = 461 nm) 

timescale in toluene at 77 K. 
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Fig. S17 Emission decay profiles of PZVCz in (a) nanosecond (ex = 410 nm) and (b) second (ex. = 417 nm) 

timescale in toluene at 77 K. 
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Fig. S18 Emission decay profiles of PZVPO in (a) nanosecond (ex = 468 nm) and (b) second (ex = 461 nm) 

timescale in toluene at 77 K.  

All the compounds showed a biexponential emission decay profile at 77 K, monitoring both in the 

nanosecond as well as the second-time domain (Fig. S15-S18). Such biexponential emission decay 

profiles were observed presumably due to the presence of mixed LE and ICT states.  
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6.2 Phosphorescence Spectra: 

The nature of the phosphorescence emission at 77 K was analyzed using time-resolved emission 

spectra (TRES) measurements by TCSPC coupled with SpectraLED light source.26, 27 The millisecond 

TRES of all the D3-A compounds at 77 K are shown in Fig. S19. The phosphorescence emission maxima 

of PQTCz were observed at 585 and 590 nm with lifetime 400 and 195 ms, respectively. The emission of 

PQVCz was found at 565 and 590 nm, with the decay time 465 and 221 ms, respectively. The 

phosphorescence emission peaks of PZVCz were observed at 535 and 545 nm, with decay time 381 and 

225 ms, respectively. The phosphorescence decay time of PZVPO was found to be 60 and 350 ms, with 

peaks centered at 590 and 585 nm, respectively. 
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Fig. S19 Time-resolved emission (phosphorescence) spectra (TRES) of (a) PQTCz, (b) PQVCz, (c) PZVCz, and 

(d) PZVPO in toluene at 77 K. 

6.3 Experimental calculation of singlet-triplet energy gap (ΔEST): 

The prompt emission (<100 ns time range) at room temperature (fluorescence) and emission in 

the millisecond timescale at 77 K (phosphorescence) were used for the experimental calculation of the 

singlet charge transfer state (1CT), and the lowest-energy triplet state (3CT/T1), respectively (Fig. S20).26 
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Fig. S20 Time-resolved emission spectra (TRES) of (a) PQTCz, (b) PQVCz, (c) PZVCz, and (d) PZVPO at 

nanosecond (room temperature, fluorescence) and millisecond (77 K, phosphorescence) timescale. 

Table S8 The excited state energy levels and experimental values of the singlet-triplet energy gap (ΔEST) of D3-A 

compounds. 

Compound Name 
T1 S1 ΔEST 

nm eV nm eV eV 

PQTCz 542, 554 2.29, 2.24 490 2.53 0.24 

PQVCz 530, 558 2.33, 2.22 482 2.57 0.35 

PZVCz 503, 510 2.46, 2.43 434, 442 2.85, 2.80 0.39 

PZVPO 526, 542 2.35, 2.28 508 2.44 0.09 
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VII. Delayed Fluorescence 

7.1 Delayed fluorescence in degassed toluene: 

Emission decays of D3-A compounds were measured in degassed toluene at microsecond 

timescale to probe the thermally activated delayed fluorescence (TADF).6, 28 A biexponential emission 

decay composed of a component with a decay time of 0.3 μs and a long-lived component with decay time 

7.2 μs was observed for PQTCz at ambient conditions (Fig. S21a). However, no significant photon counts 

were observed for PQVCz, PZVCz, and PZVPO in degassed toluene. Further, the time-resolved emission 

spectra of PQTCz in degassed toluene were measured (Fig. S21b). The microsecond decay associated 

emission spectra were merged with the emission spectrum obtained at nanosecond timescale (prompt 

fluorescence, Fig. S22) and the steady-state emission with the peak centered at λem = 570 nm at room 

temperature. The long-lived emission of PQTCz was quenched upon exposure to oxygen. The triplet state 

is deactivated through the collisions with molecular oxygen (Fig. S23). TRES and emission in oxygenated 

solvent unambiguously suggest TADF from PQTCz in solution. 
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Fig. S21 (a) Emission decay profile (ex = 461 nm, em = 570 nm) of PQTCz (5 μM) in degassed toluene, and (b) 

normalized time-resolved emission spectra (ex = 461 nm) in microsecond timescale at ambient conditions. 

500 550 600 650 700 750
0.0

0.2

0.4

0.6

0.8

1.0

N
o

rm
. 

in
te

n
s

it
y

Wavelength (nm)

 SS (TL)

 26 ns

 0.2 s

 6.6 s

 

Fig. S22 Normalized time-resolved emission spectra (ex = 468 nm for ns and ex = 461 nm for µs timescale) of 

PQTCz in degassed toluene at ambient conditions depicting the delayed fluorescence. 
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7.2 Oxygen free condition: The delayed-to-prompt fluorescence ratio: 

The ratio between the quantum yield of the delayed fluorescence (DF) and the prompt 

fluorescence (PF) is represented as (
𝑫𝑭

𝑷𝑭

). The quality of a TADF emitter can be evaluated by the delayed-

to-prompt fluorescence ratio. In the present study, we used the steady-state approach to determine the 

delayed-to-prompt fluorescence ratio. The triplet excited state is strongly quenched by the presence of 

molecular oxygen; hence, the DF is likely to be suppressed in non-degassed solutions, or films. Therefore, 

the area under the steady-state fluorescence spectrum for an air-equilibrated sample provides the quantum 

yield of PF. On the other hand, both the PF and DF contribute to the total emission for a degassed sample. 

Hence, the ratio of the integrated fluorescence spectra for the samples with degassed and non-degassed 

conditions will provide the quantum yield ratio of the DF and PF according to the following equation. 

∫ 𝐼𝐷𝐹
𝑑𝑒𝑔()𝑑

∫ 𝐼𝑃𝐹
𝑂2()𝑑

=  
𝑃𝐹+𝐷𝐹

𝑃𝐹

= 1 +
𝐷𝐹

𝑃𝐹

      (6) 

In strong TADF emitters, the triplet yield can be determined directly from equation (7).28 

The total emission of a TADF emitter (𝜑𝐹) is described by equation (7), accounting for the recycling of 

singlet and triplet states. 

𝜑𝐹 =  𝜑𝑃𝐹 +  𝜑𝐷𝐹 =  ∑ 𝜑𝑃𝐹(𝜑𝐼𝑆𝐶𝜑𝑅𝐼𝑆𝐶)𝑖𝑛
𝑖=1     (7) 

 = 𝜑𝑃𝐹
1

1−𝜑𝐼𝑆𝐶𝜑𝑅𝐼𝑆𝐶 
 

Table S9 The kinetics data of TADF for PQTCz in toluene at room temperature. 
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Fig. S23 Steady-state fluorescence spectra (λex = 465 nm) of PQTCz in toluene at room temperature in the presence 

and absence of molecular oxygen.  
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VIII. Film Photophysics 

8.1 Steady-state and time-resolved spectroscopy: 

The D3-A compounds were doped in PMMA (polymethyl methacrylate) matrix to study the 

emission features in a rigid matrix. PMMA was chosen due to its remarkable optical transparency, surface 

rigidity and dimensional stability. PMMA polymer is ideal for wide-bandgap host materials because it 

does not interfere with triplet states of visible or infrared-emitting molecules (triplet energy of PMMA = 

3.1 eV).29 The thin films of all the D3-A compounds were prepared by mixing  1 mg of each compound 

with 60 mg of poly(methyl methacrylate) in dry toluene (1 mL). The viscous solution of 

PMMA:compound was spin-coated at 4000 rpm for 120 s onto cleaned quartz plates. 
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Fig. S24 Normalized absorption spectra of (1) PQTCz, (2) PQVCz, (3) PZVCz, and (4) PZVPO doped PMMA 

thin films at room temperature. 

The absorption spectra of the fabricated thin films were measured using diffuse reflectance 

accessories (DRA) coupled with an absorption spectrophotometer (Fig. S24a). The steady-state emission 

spectra of thin films are shown in Fig. 2i-l. We fabricated the polymer films of PQTCz in a different 

fraction of compound and polymer ratios (w/w).30, 31 A prominent emission band at 570 nm with a red-

shifted peak at 670 nm was observed at high PQTCz concentration (1:40, w/w). The peak at 570 nm was 

due to the charge transfer emission of PQTCz, whereas the lower energy peak centered at 670 nm was 

likely to be originated from the molecular aggregates (Fig. S25, S26). However, at lower concentrations 

(1:60, w/w) of PQTCz, only a charge transfer emission peak was observed at em = 570 nm. Thus, the 

higher ratio of compound to polymer (1:60, w/w) was chosen for the film preparation of D3-A compounds. 

The steady-state emission spectra do not show a prominent effect of aggregation at the compound:PMMA 

ratio 1:60 (Fig. S25). The details of emission decays of PQTCz film at lower and higher concentrations 

at different emission wavelengths are mentioned in Table S9.  
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Fig. S25 (a) Normalized emission spectra (ex = 465 nm) of PQTCz films with different ratios of the compound to 

polymer (1:40 and 1:60, w/w) and (b) emission decay profiles (ex = 468 nm) of PQTCz embedded in PMMA 

matrix with 1:40 ratio of compound to the polymer at room temperature. 

Table S10 Emission decays of PQTCz film (1:40, w/w) at different emission wavelengths; the decay times (1, 2, 

ns), the respective percentage contributions (α1, α2), and the quality of fitting (χ2) are shown. 

Concentration em τ1 (α1) τ2 (α2) χ2 

1:40 (w/w) 

570 nm 5.5 (16) 20.7 (84) 1.10 

670 nm 8.3 (11) 26.7 (89) 1.08 

1:60 (w/w) 
570 nm 3.1 (22) 15.9 (78) 1.07 

670 nm 0.1 (83) 9.2 (17) 1.24 
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Fig. S26 Emission decay profiles of PQTCz doped PMMA thin film in (a) nanosecond (ex = 468) and (b) 

microsecond (ex. = 461 nm) timescale at ambient conditions. 
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Fig. S27 Emission decay profiles of PQVCz doped PMMA thin film in (a) nanosecond (ex = 468) and (b) 

millisecond (ex. = 461 nm) timescale at ambient conditions. 
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Fig. S28 Emission decay profiles of PZVCz doped PMMA thin film in (a) nanosecond (ex = 410) and (b) 

microsecond (ex. = 417 nm) timescale at ambient conditions. 
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Fig. S29 Emission decay profiles of PZVPO doped PMMA thin film in (a) nanosecond (ex = 468) and (b) 

microsecond (ex. = 461 nm) timescale at ambient conditions. 

All the D3-A compounds showed a biexponential emission decay profile in polymer films at 

ambient conditions monitoring both in the nanosecond as well as millisecond time domain (Fig. S26-

S29). Such biexponential emission decay profiles were observed presumably due to the presence of mixed 

LE and ICT states.  
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If the excited singlet state is populated from the triplet state via reverse intersystem crossing 

(RISC), then the radiative decay of that excited singlet state is called delayed fluorescence.1, 19 TADF 

originates from the singlet state with charge-transfer (1CT) characteristics. Hence, it appears as a broad, 

structure-less Gaussian band. On the other hand, the phosphorescence is due to the direct emission from 

the triplet excited state (3LE or 3CT). PQVCz exhibited prompt fluorescence with the peak centered at 

520 nm. Whereas, it showed the phosphorescence peaks centered at 565 and 590 nm (77 K). Also, PQVCz 

film showed the long-lived emission at ambient conditions with the peaks centered at 530 and 550 nm. 

The peaks and shape of the emission spectra of PQVCz-polymer film do not coincide with either 

fluorescence or phosphorescence spectra. But the long-lived species in PQVCz film appear to have larger 

decay time compared to other D3-A compounds. We presume aggregate formation due to the rigid nature 

of PQVCz in PMMA films (Fig. S30).  
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Fig. S30 Normalized time-resolved emission spectra of PQVCz [ex. = 468 nm (ps diode laser) and 461 nm (ms 

MCS spectraLED)] at different timescale in solution at room temperature (FL: fluorescence), 77 K (PH:  

phosphorescence), and in polymer film under ambient conditions (PHʹ: phosphorescence). 
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Fig. S31 (a) Time-resolved emission spectra (TRES) of PMMA films of (a) PQTCz, (b) PQVCz, (c) PZVCz, and 

(d) PZVPO at ambient conditions. Spectra were recorded using an intensified charge-coupled device (iCCD) 

camera with tunable excitation source through optical parametric oscillators (OPO) crystal with ex = 460 nm for 

PQTCz, PQVCz and PZVPO and ex = 420 nm for PZVCz.  
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IX. Laser power dependent study 

In a unimolecular and pseudo-first-order decay process, the light intensity follows a linear 

dependency to incident light power.28 However, due to the two-sequential one photon absorptions, the 

upconverted photon sensitized by the triplet-triplet annihilation (TTA) process shows quadratic relation 

with incident light power. The laser power-dependent emission spectra using iCCD camera and the decay 

kinetics of the thin films for all the compounds were recorded to elucidate the long-lived components of 

D3-A compounds in the rigid polymer matrix (Fig. S32-S35). The emission intensity vs. laser power plots 

for all the compounds lead to a linear correlation, which demonstrate the unimolecular decay processes 

(Fig. 3c), ruling out the possibility of the triplet-triplet annihilation. 

400 450 500 550 600 650 700 750 800
0

2

4

6

8

10
 3.05 J/pulse

 30.5 J/pulse

 305 J/pulse

 1.3 mJ/pulse

 1.9 mJ/pulse

 2.4 mJ/pulse

 3.0 mJ/pulse

In
te

n
s

it
y

 (
a

.u
.)

Wavelength (nm)

(a)

 
0 100 200 300 400 500 600

101

102

103

104

In
te

n
s

it
y

 (
a

.u
.)

Time (s)

 30.5 J/pulse

 305 J/pulse

 1.3 mJ/pulse

 1.9 mJ/pulse

 2.4 mJ/pulse

 3.0 mJ/pulse

 3.2 mJ/pulse

(b)

 

Fig. S32 Laser power dependent (a) emission spectra (λex = 355 nm) and (b) decay kinetics (λex = 355 nm, λem = 

570 nm) of PQTCz embedded in PMMA films at ambient conditions.  
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Fig. S33 Laser power dependent (a) emission spectra (λex = 355 nm) and (b) decay kinetics (λex = 355 nm, λem = 

550 nm) of PQVCz embedded in PMMA films at ambient conditions.  
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Fig. S34 Laser power dependent (a) emission spectra (λex = 355 nm) and (b) decay kinetics (λex = 355 nm, λem = 

520 nm) of PZVCz embedded in PMMA films at ambient conditions.  
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Fig. S35 Laser power dependent (a) emission spectra (λex = 355 nm) and (b) decay kinetics (λex = 355 nm, λem = 

590 nm) of PZVPO embedded in PMMA films at ambient conditions.  
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X. Temperature-dependent decay 

The harvesting of a triplet state to a singlet state becomes facile upon thermal activation. The 

intensity of TADF increases with increasing temperature.28 In contrast, the phosphorescence involves 

direct emission from the triplet state. Thus, by decreasing the temperature, the quenching effect of 

molecular vibrations (internal conversion) is reduced, and the phosphorescence intensity is likely to 

increase. The temperature-dependent emission for all the D3-A compounds in PMMA thin films was 

carried out. An increase in the emission intensity was observed for both PQTCz and PZVPO film with 

increasing the temperature from 263 to 323 K confirming TADF (Fig. S36a and S36d). However, a 

decrease in the emission intensity was noticed at a higher temperature, i.e., 343 K. The activation of the 

nonradiative decay channels at the higher temperature, presumably quenches the delayed fluorescence. 

On the other hand, a decrease in the emission was observed with increasing temperature for PQVCz and 

PZVCz films referring to the radiative emission from the corresponding triplet states (Fig. S36b and 

S36c).  
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Fig. S36 Emission spectra of D3-A compounds (a) PQTCz, (b) PQVCz, (c) PZVCz, and (d) PZVPO embedded in 

PMMA films with varying temperature.  

In order to elucidate the triplet harvesting in PZVPO further, the emission decays were collected 

as a function of temperature, from 253 K to 353 K. The biexponential emission decays (λem = 590 nm) 

were observed. The global fitting of all the decays indicates the decay time τ1 = 9.2 μs and τ2 = 47 μs at 

253 K become 2.9 and 14.9 μs at 353 K, respectively. The temperature-dependent decays of long-lived 

species of PZVPO film indicate the presence of phosphorescence or radiative decay of triplet states. 

Whereas, the lower ΔEST suggests the possible reverse intersystem crossing (RISC), leading to delayed 

emission. However, it is challenging to distinguish between TADF and RTP in the present case. 
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Fig. S37 (a) Normalized emission spectra (ex = 468 nm for nanosecond and 461 nm for millisecond timescale) of 

PZVPO at different timescales in solution at room temperature (ns), 77 K (ms), and in the polymer film (µs) and 

(b) emission decay profiles (ex = 461 nm, em = 590 nm ) of PZVPO embedded in PMMA matrix with varying 

temperature. 

Table S11 Emission decays of PZVPO film (ex = 461 nm) with varying temperature; the decay times (1, 2, µs), 

the respective percentage contributions (α1, α2), and the quality of fitting (χ2) are shown. 

Temperature τ1 (α1) τ2 (α2) χ2 

253 K 9.2 (35) 47.0 (65) 1.2 

263 K 7.7 (35) 40.2 (65) 1.2 

273 K 6.8 (32) 35.8 (68) 1.21 

283 K 6.3 (31) 30.3 (69) 1.16 

293 K 5.9 (36) 29.2 (64) 1.14 

303 K 5.3 (32) 22.7 (68) 1.09 

313 K 4.2 (32) 19.6 (68) 1.19 

323 K 3.7 (34) 16.9 (66) 1.17 

333 K 3.2 (38) 16.6 (62) 1.15 

343 K 3.1 (41) 16.1 (59) 1.16 

353 K 2.9 (36) 14.9 (64) 1.13 
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XI. Computational investigations 

11.1 TDDFT Calculations: 

A time-dependent density functional theory (TDDFT, spin unrestricted) investigation for all four 

D3-A compounds was performed using the Gaussian 16 program package.32-35 The ground state molecular 

geometries of D3-A compounds were optimized employing density functional theory (DFT) B3LYP 

hybrid functional and 6-311G(d,p) basis set in Gaussian 16 Revision C.01 software.34, 35 The TDDFT 

calculation with the same functionality and the basis set was employed to obtain the excited-state 

structure. The polarizable continuum model (PCM) of solvation was used to include the solvent effects.35, 

36 GaussView 6.0 and Chemcraft (version 1.8) were used to analyze the molecular orbitals. The iso values 

0.03 were used for the HOMO-LUMO orbital picture, and iso values 0.0004 were used for electron 

density differences plot of singlet and triplet states. The spatial distributions of the highest occupied 

molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) and probable electronic 

transitions of PQTCz, PQVCz, PZVCz, and PZVPO in the ground and the excited state were analyzed.  

In the ground state, the LUMOs of all the compounds are predominantly located on the central 

pyridoquinoxaline (PQ) and pyridopyrazine (PZ) acceptor units, whereas the HOMOs are differently 

distributed (Fig. S38-S41). The HOMO is mainly distributed on carbazole (Cz) and phenoxazine (PO) 

donor units for all the compounds. However, due to the higher resonance stabilization of p-substituted 

donor molecules, like PQVCz, and PZVCz, PZVPO, the HOMO is extended to the central PQ and PZ 

units, respectively. The weak electron-donating character of phenanthrene leads to the localization of the 

HOMO on the phenanthrene unit along with carbazole for planar PQ core containing D3-A molecules. 

Whereas, there is no contribution towards HOMO electron density distribution by the π-spacer phenyl 

group in the twisted acceptor PZ containing D3-A molecules. The HOMO and the LUMO are well-

separated accounting to the pronounce ICT characteristics in all the D3-A compounds.18 The excited state 

geometry and the dihedral angles are shown in Table S11, S12.  

 

Fig. S38 Representative molecular orbitals involved in electronic transitions revealed through TDDFT calculations 

for PQTCz with iso values 0.03.  
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Fig. S39 Representative molecular orbitals involved in electronic transitions revealed through TDDFT calculations 

for PQVCz with iso values 0.03. 

 

Fig. S40 Representative molecular orbitals involved in electronic transitions revealed through TDDFT calculations 

for PZVCz with iso values 0.03. 

 

Fig. S41 Representative molecular orbitals involved in electronic transitions revealed through TDDFT calculations 

for PZVPO with iso values 0.03. 
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Further, we have also calculated the MOs of D3-A compounds considering diffusion correction in the 

basis set [6-311+G(d,p)]. There was no significant change of electron density observed with the same iso 

value 0.03 by considering the diffusion corrected basis set (Fig. S42). 

 

Fig. S42 The HOMO-LUMO molecular orbital picture of D3-A compounds obtained from the DFT-B3LYP hybrid 

functional and 6-311+G(d,p) basis set with iso values 0.03. 

 

11.2 Dihedral angles: 

The lower singlet-triplet energy gap (ΔEST) is the key for the photon upconversion from excited 

triplet states to the emissive singlet state through reverse intersystem crossing (RISC) leading to thermally 

activated delayed fluorescence (TADF).1 The excited-state intramolecular charge transfer (ICT) in donor-

acceptor (D-A) molecules with spatially-separated highest occupied molecular orbitals (HOMOs) and 

lowest unoccupied molecular orbitals (LUMOs) is conducive to a low ΔEST value. Thus, the orthogonal 

geometry between the donor and acceptor leads to the lowest ΔEST values for efficient triplet harvesting 

via TADF.1, 17 We optimized the geometry of D3-A compounds in the excited state employing dielectric 

of toluene using a polarizable continuum (PCM) model. The dihedral angles in the excited state between 

the donor and acceptor are calculated and tabulated in Table S11 and S12. For clarity, the planar 

dibenzopyridoquinoxaline accepter core is depicted as ‘PQ’ in the excited state geometry optimized 

structure of PQTCz and PQVCz. Similarly, the pyridopyrazine acceptor core is represented as PZ in the 

structure of PZVCz and PZVPO. The three donor units of D3-A compounds are described as D1, D2, and 

D3. The -spacer phenyl groups in PZVCz and PZVPO are depicted as 1 and 2. 

 

 

 

 

LUMO 
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Table S12 Dihedral angles between the donor and acceptor of PQTCz and PQVCz in the ground (GS) and excited 

states (ES) estimated by Gaussian B3LYP/6-311G(d,p) level calculation. 

  

Linkage Dihedral angles 

 PQTCz PQVCz 

 GS ES GS ES 

PQ-D1 123 134 -125 -121 

PQ-D2 123 134 -124 -129 

PQ-D3 -127 -121 -126 -135 

As shown in Table S11, the dihedral angle in the excited-state structure of PQTCz is 134 between 

PQ acceptor core and donor units (D1 and D2). Whereas, the dihedral angle between the third donor (D3) 

and acceptor is -121. Thus, the twisted D-A linkages in PQTCz in the excited state lead to a low ΔEST 

value, as revealed from the experimental data and theoretical calculations. PQVCz in the excited state 

also exhibits twisted structure. However, the lesser extent of charge transfer interactions due to the p-

substitution of D1 and D2 leads to a comparatively higher ΔEST than PQTCz. 

Table S13 Dihedral angles between the donor and acceptor of PZVCz and PZVPO in the ground (GS) and excited 

states (ES) estimated by Gaussian B3LYP/6-311G(d,p) level calculation. 

  

PZVCz PZVPO 

Linkage Dihedral angles 

 GS ES Crystal ES 

PZ-D1 98 98 10 133 

PZ-D2 -80 -108 80 133 
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PZ-D3 -124 -135 119 -91 

PZ-π1 -134 -133 70 -140 

PZ-π2 -135 -156 138 -143 

π1-D1 56 57 81 91 

π2-D2 -123 -123 119 91 

On the other hand, the D-A linkages involving D1 and D2 donor with PZ unit of PZVCz in the 

ground state is twisted in nature (Table S12). A relatively less twist was observed in the excited states. 

The computed ΔEST of PZVCz was found to be 0.26 eV. 

The crystal structure of PZVPO is discussed in Section XII. A more twisted and near orthogonal 

D-A connectivity between D3 and PZ unit was observed in the excited state for PZVPO. It could lead to 

the lowest ΔEST among the mentioned D3-A compounds. Also, a smaller number of energy transition 

channels were observed (Fig. S43).   

 

11.3 Singlet-triplet energy gap (ΔEST): 

The energy gap between the first singlet and triplet state (ΔEST) was computed based on TDDFT 

calculation using a polarizable continuum model (PCM) for solvation (toluene) at B3LYP/ 6-311G(d,p) 

level. 

 

Table S14 TDDFT calculated excited state energy levels (eV) of singlet (Sn) and triplet (Tn) states and energy gap 

ΔEST between the first excited singlet (S1) and triplet (T1) states of D3-A compounds. The energies of the triplet 

states close to S1 (ES1 =  0.3 eV) are indicated in blue. 

Energy 

level 

no. (n) 

PQTCz  PQVCz PZVCz PZVPO 

S T S T S T S T 

1 2.12 1.99 2.32 2.03 2.52 2.26 1.68 1.66 

2 2.32 2.11 2.39 2.19 2.60 2.47 1.74 1.73 

3 2.38 2.29 2.47 2.32 2.66 2.53 1.77 1.77 

4 2.61 2.59 2.76 2.59 2.98 2.72 2.42 2.39 

ΔEST  0.13 eV 0.29 eV 0.26 eV 0.02 eV 

 

The transition configurations and electron density distributions of singlet and triplet excited states 

were analyzed to elucidate the possible singlet-triplet intersystem crossings (ISC) channels. The ISC 

channels were selected based on the same transition configurations of singlet (S1) and triplet (Tn) state, 

and the energy levels of Tn were considered within the range of ES1 ± 0.3 eV according to energy gap 

law.2, 37-39 The electron density differences between the optimized ground state (S0) and the first excited 

singlet (S0→S1) and the triplet state (S0→Tn) were obtained by subtracting the electron density of 

optimized grounded state (S0) from that of the respective singlet and triplet excited states.35, 36 The blue 

and yellow colors indicate the increase and decrease of electron density, respectively (Table S14, Fig. 
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S43). The low singlet-triplet energy gap (ΔEST = 0.13 eV) of PQTCz enables the photon upconversion 

from the excited triplet to the singlet state through reverse intersystem crossing (RISC) (Table S14, Fig. 

S43a). A single ISC channel from the S1 to the T1 of PQTCz was observed.  Whereas, higher ΔEST (0.29 

eV) and a higher number of energy transition channels (S1 to T1, T2, and T3) were observed for PQVCz 

(Table S14, Fig. S43b). These multiple ISC channels populate the triplet excited state through facile spin 

orbit coupling (SOC). 

Similarly, a moderate ΔEST (0.26 eV) along with three different energy transition channels (S1 to T1, T2, 

and T3) for ISC was observed for PZVCz (Table S14, Fig. S43c). However, a very low ΔEST (0.02 eV) 

and only a single ISC channel (S1 to T1) were obtained for PZVPO (Table S14, Fig. S43d). The facile 

single ISC channel, along with low ΔEST in the case of PQTCz and PZVPO, promotes the RISC leading 

to TADF emission. While the multiple ISC channels in the case of PQVCz and PZVCz could populate 

the triplet excited state. But the higher ΔEST and multiple reverse-ISC channels prevent the photon 

upconversion. The introduction of a stronger donor in PZVPO and a single ISC channel with very low 

ΔEST allowed the photon upconversion from T1 to S1 state through RISC.  

Table S15 The singlet and triplet energy and transition configurations obtained by TDDFT calculations [B3LYP/6-

311G (d,p)]. Triplet states within the energy ES1  0.3 eV are considered. The triplet states with the same transition 

configurations of S1 and Tn are highlighted in blue.  

Compound Energy (eV) State Transition configurations 

PQTCz 

2.12 S1 H to L (99%) 

1.99 T1 H to L (73%) 

2.11 T2 H-2 to L (72%) 

PQVCz 

2.32 S1 H-2 to L (10%), H to L (87%) 

2.03 T1 H-2 to L (25%), H to L (58%) 

2.19 T2 H-1 to L (65%), H to L (15%) 

2.32 T3 H-2 to L (66%), H-1 to L (11%), H to L (17%) 

PZVCz 

2.52 S1 H-2 to L (13%), H to L (86%) 

2.26 T1 H-2 to L (40%), H to L (49%) 

2.47 T2 H-2 to L (24%), H-1 to L (37%), H to L (22%) 

2.53 T3 H-2 to L (28%), H-1 to L (45%), H to L (18%) 

2.72 T4 H-7 to L (74%) 

PZVPO 

1.68 S1 H-2 to L (99%)  

1.66 T1 H-2 to L (98%)  

1.73 T2 H to L (99%) 

1.77 T3 H-1 to L (99%)  
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Fig. S43 Schematic diagrams showing the TDDFT calculated [B3LYP/6-311G(d,p)] energy levels, isosurface of  

electron density differences in the S1 and Tn states,  possible intersystem crossing (ISC) channels (considering ES1 

± 0.3 eV according to energy gap law) of (a) PQTCz, (b) PQVCz, (c) PZVCz, and (d) PZVPO. H and L represent 

the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO), 

respectively. The triplet states with same transition configurations of S1 are highlighted in blue. The values of S1-

T1 energy gaps (ΔEST) are indicated. 

The electron density differences between the first excited singlet state and the triplet state were 

plotted (Fig. S44a).36 The blue and yellow area plots are the surface where the value of the difference 

density is +0.0004 and -0.0004, respectively. Electron density shifts from the blue region to the yellow 

region upon transit from the S1 to the T1 state. As shown in Fig. S44a, the electron density in the singlet 

state is distributed on the donor part, and the triplet state is located on the acceptor part for PQTCZ, 

PQVCz, and PZVCz.  Additionally, for PQTCz, the triplet state is extended up to the third donor unit 

(D3). Whereas, no such electron density differences were observed for PZVPO. This can be due to the 

fact that the singlet and triplet are distributed throughout the molecule in PZVPO. The map of electron 

density isosurface of the first singlet excited state (S1) with respect to S1-T1 electron density differences 

are shown in Fig. S44b. The blue and red regions in Fig. S44b indicate the higher electron density in T1 

in comparison with S1 and vice versa. 
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(a)    

 
   

(b)    

    

-8.0×e-6     8.0×e-6 

PQTCz PQVCz PZVCz PZVPO 

Fig. S44 (a) Plots of electron density differences between first singlet (S1) and triplet (T1) excited states as an 

isosurface having a density value ± 0.0004. The electron density shifts from the orange region to the cyan region 

while transition from S1 to T1 states. (b) Electron density isosurface of S1 mapped using the value of difference 

density between S1 and T1. The blue region indicates that the electron density in T1 is higher than that of the S1.   

 

Fig. S45 The impact of the frontier molecular orbital (FMOs) on triplet energies. The highest occupied natural 

transition orbitals (HONTOs) and the lowest unoccupied natural transition orbitals (LUNTOs) of singlet (S1) and 

triplet (T1) states with iso values 0.03 of D3-A compounds are given in the upper panel. The respective long-lived 

decay pathways of D3-A compounds are shown in the lower panel.  
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Further, the natural transition orbital (NTO) analysis was carried to know more about the excited-state 

electronic transitions.40 There was no direct overlap between the highest occupied natural transition 

orbitals (HONTOs) and the lowest unoccupied natural transition orbitals (LUNTOs) of D3-A molecules 

at singlet (S1) and triplet (T1) states. This is indicating all the molecules are exhibiting excited-state charge 

transfer property, and the energy gap between the S1 and T1 states are below <0.5 eV. The LUNTOs of 

all the compounds are predominantly located on the acceptor cores, such as PQ and PZ units. Whereas 

HONTOs mainly located at donor units. The excited state D-A dihedral angles are given in Table S12 

and S13. When the dihedral angle is close to 90, the overlap between D and A units are quite small, 

which will induce small ΔEST. Based on our experimental results and geometric parameters, we found 

that the donor groups have a significant influence on the relative orientations of D and A units. Thus, the 

introduction of the strong PO donor leads to more twisted structure, and small ΔEST is observed in PZVPO 

as compared to Cz based molecules. 
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XII. Crystal structure analysis 

Crystals of PZVPO were grown from a mixture of dichloromethane and ethanol through a slow 

evaporation method. Single-crystal X-ray diffraction data were collected using a Bruker APEX II 

diffractometer equipped with a CCD area detector using Mo Kα radiation (λ = 0.71073 Å) in phi(ϕ) and 

omega(ω) scan.41 The data collections for PZVPO was carried out at 140 K, giving an exposure time of 

15 seconds per frame at the crystal to-detector distance of 6 cm. The data collection, unit cell 

measurements, integration, scaling and absorption corrections were done using Bruker Smart Apex II 

software.41 The intensity data were processed by using the Bruker SAINT Program suite.42 The crystal 

structures were refined by the full-matrix least-squares method using SHELXL97 present in the program 

suite WinGX (version2014.1).43-47 Empirical absorption correction was applied using SADABS,48 and 

the crystal packing diagrams were generated using Mercury 4.2.0,49 and Materials Studio 6.1. The detailed 

crystallographic data and the structure refinement parameters are summarized in Table S15. 

 

Fig. S46 The molecular structures obtained from the crystal structure investigations of PZVPO showing (a) twisted 

molecular structure and (b) crystal packing along 𝑏-direction based on weak intermolecular interactions. 

The single crystals of PZVPO belong to the centrosymmetric space group 𝑃 1̅ with 2 molecules 

in the asymmetric unit cell. The molecular structure of PZVPO obtained from crystal structure analysis 

revealed a highly twisted structure. As depicted in Table S12, the dihedral angles between the central 

pyridopyrazine (PZ) core and the phenyl linker groups (1 and 2) are 70o and 138o while the dihedral 

angle between the -spacers and phenoxazine donor units are 81o (1-D1) and 119 o (2-D2). On the other 

hand, the donor group connected directly to the acceptor core (PZ-D3) exhibits a dihedral angle of 119o 

(Fig. S46a, Fig. 3d, main text). Thus, the molecular geometry of PZVPO is significantly non-planar in 

nature. Additionally, a pair of CH···π (2.84 Å) and CH···HC (2.32 Å) intermolecular interactions between 

π-spacer phenyl groups generate a dimer like twisted structure along 𝑎 axis and a pair of CH···π 

interactions (2.86 Å) between the π-spacer phenyl and donor phenoxazine stabilize the dimeric structure 

(Fig. 3e, main text). Additional CH···π (2.77, 2.81 Å) and CH···O (2.63 Å) interactions between π-spacer 

aromatic phenyl and phenoxazine are observed. As shown in Fig. S46b, the asymmetric unit cell of 

PZVPO contains multiple intermolecular interactions, such as CH···π (2.89 Å) between the aromatic 

hydrogen of PZ acceptor unit and π-electron of phenoxazine donor, CH···π (2.85 Å) between the aromatic 

π-spacer units of two adjacent molecules, CH···O (2.60 Å) between the aromatic hydrogen of PZ acceptor 
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unit and oxygen of phenoxazine donor, and CH···N (2.45 Å) between the aromatic nitrogen of PZ 

acceptor unit and CH  of the π-spacer phenyl. These multiple intermolecular interactions lead to a twisted 

dimeric structure without any significant π···π stacking interactions. Thus, the twisted structure and strong 

intermolecular interactions in the crystals of PZVPO could reduce the energy loss through non-radiative 

relaxation channels by the stabilization of excited triplet states.50-52 

Table S16 Crystallographic data of PZVPO. 

Parameters PZVPO 

Empirical formula C55 H34 N6O3 

Formula Weight 826.88 

Temperature 140 K 

Wavelength 0.71073 

Crystal system Triclinic 

Space group 𝑃1̅ 

Unit-cell dimension a = 12.05890(14), b = 18.638(2), c = 19.646(2), 
α = 65.738(8), β = 89.704(8),  = 84.778(7) 

Volume 4006.2(8) 

Z 4 

Density 1.371 g cm-3 

Absorption coefficient 0.087 mm-1 

F(000) 1720.0 

Crystal size 0.3 × 0.2 × 0.1 

Theta range for data 
collection 

1.1 to 25.0o 

Index ranges -14h14, -22k22, -23l 23 

Reflections collected 56053 

No. of unique Ref./ obs. Ref. 14139 

Data completeness 0.997 

Absorption correction Multi scans 

Max. and min. transmission 0.991 and 0.979 

Refinement method Full-matrix least-squares on F2 

No. of parameters 1155 

Goodness-of-fit on F2 1.019 

Final R indices [I>2I] R1= 0.1161 and wR2= 0.3258 

R indices (all data) R1= 0.144 and wR2= 0.295 

Largest diff. peak and hole 0.812 and -0.479 

CCDC Number CCDC 1904506 

 

PZVCz vs. PZVPO: 

PZVCz prominently absorbed at abs = 320 and 425 nm along with a hump at abs = 340 nm. Whereas 

PZVPO exhibited two distinct absorption bands centered at abs = 330 and 465 nm. Similarly, PZVPO 

showed emission in the lower energy region as compared to PZVCz. A comparatively higher Stokes shift 

of 5245 cm-1 was observed for PZVPO as compared to 2996 cm-1 for PZVCz in toluene. A relatively weak 

emission band at em = 610 nm was noticeable for PZVPO in toluene at room temperature due to strong 

D-A pair leading to the dark TICT state. The emission data indicate the more facile charge transfer in 

PZVPO as compared to that in PZVCz. The crystal structure investigations of PZVPO indicate the twisted 

molecular geometry (Table S13). Additionally, the DFT-optimized excited-state structure of both PZVCz 

and PZVPO revealed the twisted nature. As depicted in Table S13, a partial twist in the excited-state 
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structure of PZVCz with the dihedral angles 57, -123, and -135 was observed for π1-D1, π2-D2, and 

PZ-D3, respectively. Whereas a more twisted and near orthogonal D-A geometry was observed for 

PZVPO in the excited state with the dihedral angles 91, 91, and -91 for π1-D1, π2-D2, and PZ-D3, 

respectively. Even though both the compounds are non-planar, but the strong charge transfer interactions 

result in more twist in the case of PZVPO. A very low ΔEST (0.02 eV) was observed for PZVPO as 

compared to PZVCz (ΔEST = 0.26 eV).   

 

Scheme S7 A schematic illustration of comparative features in terms of donor units carbazole and phenoxazine, 

respectively, in PZVCz and PZVPO. 

Our observations and explanations can be justified by a few reported works. Adachi and coworkers 

achieved twisted molecular geometry with TADF emission by the stabilization of the ICT state between 

a phenoxazine donor and 2,4,6-triphenyl-1,3,5-triazine acceptor unit.53 However, Huang and coworkers 

observed ultralong phosphorescence using carbazole as a donor.40,54,55 The large twist angle in 

phenoxazine based D-A pair as compared to carbazone donor in dimesitylphenylborane acceptor core 

was reported by Oi and coworkers.56,57 They found the introduction of the strong donor phenoxazine led 

to more twisted structure and small ΔEST as compared to carbazole based molecules. Further, the twisted 

structure of PZVPO is due to the steric hindrance of the hydrogen atoms at 1- and 9-positions of 

phenoxazine (Scheme S7).57 Whereas, the steric factor is less effective in the case of hydrogens at 1- and 

8-positions of carbazole in PZVCz. Thus, the stronger electron donating ability and the higher steric 

hindrance from the hydrogens at 1- and 9-positions of the phenoxazine unit, lead to more twist in PZVPO 

than weak donor carbazole in PZVCz. Consequently, a lower ΔEST was observed for PZVPO. Whereas, 

a relatively large ΔEST was observed for PZVCz.  
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XIII. Security Encryption 

In order to illustrate the potential applications for security data encryption, we fabricated the 

PZVCz (fluorescence at λem = 480 nm and phosphorescence at λem = 500-600 nm) embedded film in 

PMMA matrix.29, 31, 58 The homogeneous and transparent thin films were fabricated on a quartz plate 

using a spin-coater for spectral measurements. However, a relatively thicker film or security mark was 

fabricated on a quartz plate by drop-casting method for better clarity of visual impressions. As mentioned 

in Fig. 4e and Fig. S47, the spectra were recorded for thin films, and the digital photographs were taken 

using a thicker film. The photographs were collected using Canon EOS camera (ƒ/4.6-9.0, Focal length: 

18-55 mm, ISO Speed: 100-6400, Color Space: sRGB, Sensor type: CMOS, Shutter speed: 30-1/4000 

sec, 50 fps at 720p) and Realme 5 Pro. 

 

Fig. S47 Demonstration of time-resolved emission spectra (TRES) measured with thin and digital photographs and 

security encryption with thick PZVCz-PMMA films.  
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XIV. Summary 

A comparative account of photophysical features of D3-A compounds is shown in Table S16 and 

Fig. 4a-d. The harvesting of the triplet states through TADF and RTP emission by tweaking the charge 

transfer interactions is mentioned here.  

Table S17 A comparative account of salient structural and spectral characteristics of D3-A compounds investigated. 

Parameter PQTCz PQVCz PZVCz PZVPO 

-spacer (acceptor) 
Planar and 

rigid 
Planar and 

rigid 
Twisted and 

flexible 
Twisted and 

flexible 

Donor substitution meta para para para 

Stokes shift (cm-1, 
toluene) 

3976 2210 2996 5245 

CT interaction Strong Weak Moderate Strongest 

ΔEST (eV, computed) 0.13 0.29 0.26 0.02 

Outcome TADF RTP RTP TADF + RTP 
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XVI. Characterization: 1H, 13C NMR and Mass Spectra 

 

 

Fig. S48 1H NMR spectrum of 2,7-dibromophenanthrene-9,10-quinone (P1) in DMSO-d6. 

 

Fig. S49 13C NMR spectrum of 2,7-dibromophenanthrene-9,10-quinone (P1) in DMSO-d6. 
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Fig. S50 1H NMR spectrum of 3,6-dibromophenanthrene-9,10-quinone (P2) in CDCl3.  

 

Fig. S51 13C NMR spectrum of 3,6-dibromophenanthrene-9,10-quinone (P2) in CDCl3. 
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Fig. S52 1H NMR spectrum of 2,7,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQT)  in CDCl3. 

 

Fig. S53 1H NMR spectrum of 3,6,12-tribromodibenzo[f,h]pyrido[2,3-b]quinoxaline (PQV) in CDCl3 (it is 

challenging to record resolved NMR due to the solubility issue; zoomed view of the aromatic region is shown). 
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Fig. S54 1H NMR spectrum of 7-bromo-2,3-bis(4-bromophenyl)pyrido[2,3-b]pyrazine (PZV) in CDCl3. 

 

Fig. S55 13C NMR spectrum of 7-bromo-2,3-bis(4-bromophenyl)pyrido[2,3-b]pyrazine (PZV) in CDCl3. 
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Fig. S56 1H NMR spectrum of 2,7,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQTCz) in 

CDCl3. 

 

Fig. S57 13C NMR spectrum of 2,7,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQTCz) in 

CDCl3. 
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Fig. S58 1H NMR spectrum of 3,6,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQVCz) in 

CDCl3. 

 

Fig. S59 13C NMR spectrum of 3,6,12-tri(9H-carbazol-9-yl)dibenzo[f,h]pyrido[2,3-b]quinoxaline (PQVCz) in 

CDCl3. 
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Fig. S60 1H NMR spectrum of 9,9'-((7-(9H-carbazol-9-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-

phenylene))bis(9H-carbazole) (PZVCz) in CDCl3. 

 

Fig. S61 13C NMR spectrum of 9,9'-((7-(9H-carbazol-9-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-
phenylene))bis(9H-carbazole) (PZVCz) in CDCl3. 
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Fig. S62 1H NMR spectrum of 10,10'-((7-(10H-phenoxazin-10-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-
phenylene))bis(10H-phenoxazine) (PZVPO) in CDCl3. 

 

Fig. S63 13C NMR spectrum of 10,10'-((7-(10H-phenoxazin-10-yl)pyrido[2,3-b]pyrazine-2,3-diyl)bis(4,1-
phenylene))bis(10H-phenoxazine) (PZVPO) in CDCl3.  
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Fig. S64 HRMS (APCI) mass spectrum of PQT. 
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Fig. S65 HRMS (APCI) mass spectrum of PQV. 
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Fig. S66 HRMS (APCI) mass spectrum of PZV. 
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Fig. S67 HRMS (APCI) mass spectrum of PQTCz. 
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Fig. S68 HRMS (APCI) mass spectrum of PQVCz. 
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Fig. S69 HRMS (APCI) mass spectrum of PZVCz.    
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Fig. S70 HRMS (APCI) mass spectrum of PZVPO.    

 

 

  

 

 


