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General methods 

General Synthetic Procedures. All reagents and solvents were obtained from commercial sources and 

used as received. Air-sensitive reactions were performed under a nitrogen atmosphere using Schlenk 

techniques, no special precautions were taken to exclude air or moisture during work-up and crystalli-

sation. Flash column chromatography was carried out using silica gel (Silica-P from Silicycle, 60 Å, 

40-63 µm). Analytical thin-layer-chromatography (TLC) was performed with silica plates with alumi-

num backings (250 µm with F-254 indicator). TLC visualization was accomplished by 254/365 nm UV 

lamp. 1H NMR spectra were recorded on a Bruker Advance spectrometer (400 or 500 MHz for 1H and 

100 or 125 for 13C). The following abbreviations have been used for multiplicity assignments: “s” for 

singlet, “d” for doublet, and “dd” for doublet of doublet. 1H NMR spectra were referenced to residual 

solvent peaks with respect to TMS (δ = 0 ppm). High performance liquid chromatography (HPLC) was 

conducted on a Shimadzu LC-40 HPLC system. HPLC traces were performed using a Shim-pack GIST 

3μm C18 reverse phase analytical column using THF:water (8:2) as mobile phase. Melting point was 

measured using open-ended capillaries on an Electrothermal 1101D Mel-Temp apparatus and are un-

corrected. High-resolution mass spectrometry (HRMS) was performed using microTOF at the Univer-

sity of Edinburgh Mass Spectrometry Facility. TGA measurements were conducted on a Netzsch 

STA449C with a heating rate of 10 °C/min under a nitrogen atmosphere. The samples were 

heated from 19 to 700 °C and the thermal decomposition temperature (Td) was determined at a 

threshold of 5 % weight loss. 

Photophysical measurements. Optically dilute solutions of concentrations on the order of 10-5 to 10-6 M 

were prepared in spectroscopic or HPLC grade solvents for absorption and emission analyses. Absorp-

tion spectra were recorded at room temperature on a Shimadzu UV-2600 double beam spectrophotom-

eter with a 1 cm quartz cuvette. Molar absorptivity determination was verified by linear regression 

analysis of values obtained from at least five independent solutions at varying concentrations with ab-

sorbance ranging from 0.354 to 1.411 for BT-DBIP. Steady-state emission and excitation spectra and 
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time-resolved emission decays were recorded at 298 K using an Edinburgh Instruments FS5 spectro-

fluorometer. Samples were excited at 374 nm for steady-state measurements and at 375 nm for time-

resolved measurements. 

∆EST measurement in solution. An open 150 mL EPR Dewar was used for the singlet-triplet energy gap 

(∆EST) measurements of solution samples. The ∆EST was determined by recording the steady-state pho-

toluminescence and delayed emission spectra of the emitter in 2-MeTHF glass at 77 K. The delayed 

emission spectra were measured after 1 ms excitation of the Xenon flashlamp operating at 100 Hz with 

an exposure time of 9 ms. The singlet (S1) and triplet (T1) energies were then determined from the 

corresponding onsets of steady-state and delayed emission spectra at 77 K and ∆EST calculated by using 

the equation ∆EST = S1 – T1. 

Photophysical measurement in the solid state. The film for solid state photophysical studies was pre-

pared by spin-coating of 2 wt% emitter in a chlorobenzene solution of N,N’-dicarbazolyl-3,5-benzene 

(mCP) host, on cleaned sapphire substrates. The photophysical properties of the film samples were 

measured using an Edinburgh Instruments FS5 fluorimeter. 

Photoluminescence quantum yields measurements in solution 

Photoluminescence quantum yields (PL) for solutions were determined using the optically dilute 

method1 in which four sample solutions with absorbances of ca. 0.10, 0.075, 0.050 and 0.025 at 347 nm 

were used. The Beer-Lambert law was found to remain linear across the concentrations of the solutions. 

For each sample, linearity between absorption and emission intensity was verified through linear re-

gression analysis with the Pearson regression factor (R2) for the linear fit of the data set surpassing 0.9. 

Individual relative quantum yield values were calculated for each solution and the values reported rep-

resent the slope obtained from the linear fit of these results. The ΦPL was determined using the equation 

Φ𝑃𝐿 = (Φ𝑟 ∗  
𝐴𝑟

𝐴𝑠
∗ 

𝐼𝑠

𝐼𝑟
∗  

𝑛𝑠
2

𝑛𝑟
2 ), where A stands for the absorbance at the excitation wavelength (λexc: 347 

nm), I is the integrated area under the corrected emission curve and n is the refractive index of the 

solvent with the subscripts “s” and “r” representing sample and reference respectively. Φr is the absolute 
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PL quantum yield of the external reference, quinine sulfate (Φr = 54.6% in 0.5 N H2SO4).2, 3 The exper-

imental uncertainty in the PL is conservatively estimated to be 10%, though we have found that statis-

tically we can reproduce PL values to within 3% relative error. 

Photoluminescence quantum yields (PL) of the thin film. An integrating sphere (Edinburgh Instruments 

FS5, SC30 module) was employed for the photoluminescence quantum yield measurements of the thin 

film samples. The ΦPL of the films were then measured in air and in N2, the latter by purging the inte-

grating sphere with N2 gas flow for 2 min.  

Steady-state emission and time-resolved PL decay of thin film samples. Steady-state PL spectra and 

time-resolved PL decays were recorded at 300, 200, and 77 K using an Edinburgh Instruments FS5 

fluorimeter in an oxygen-free atmosphere. Oxygen-free samples were obtained by placing the sample 

inside a cold finger cryostat (Oxford Instruments) under vacuum (< 8 × 10−4 mbar). All the samples for 

the steady-state measurements were excited at 340 nm using a Xenon lamp, while the samples for the 

time-resolved measurements were excited at 375 nm using a pico-second laser (PicoQuant, LDH-D-C-

375) driven by a laser driver (PDL 800-D). PL decays were measured using time-correlated single pho-

ton counting (TCSPC) mode and multi-channel scaling (MCS). For quantify the long-delayed lifetime, 

the samples were excited at 340 nm by using a 5 W pulsed Xenon flashlamp under vacuum. For ∆EST, 

all samples were loaded inside a cold finger cryostat (Oxford Instruments) and samples were placed 

under vacuum. The S1, T1, and ∆EST energies of films were determined using the same methodology as 

for measurements in the glass at 77 K (vide-supra) after excitation the sample at 340 nm.  

Fitting of time-resolved luminescence measurements: Time-resolved PL measurements were fitted to a 

sum of exponentials decay model, with chi-squared (χ2) values between 1 and 2, using the EI software. 

Each component of the decay is assigned a weight, (wi), which is the contribution of the emission from 

each component to the total emission.  

The average lifetime was then calculated using the following:  

• Two exponential decay model: 

𝜏𝐴𝑉𝐺 = 𝜏1𝑤1 +  𝜏2𝑤2 



 S5 

with weights defined as 𝑤1 =
𝐴1𝜏1

𝐴1𝜏1+ 𝐴2𝜏2 
 and 𝑤2 =

𝐴2𝜏2

𝐴1𝜏1+ 𝐴2𝜏2 
 where A1 and A2 are the preexponen-

tial-factors of each component.  

Electrochemistry measurements. Cyclic Voltammetry (CV) analysis was performed on an Electrochem-

ical Analyzer potentiostat model 620E from CH Instruments at a sweep rate of 50 mV/s. Differential 

pulse voltammetry (DPV) was conducted with an increment potential of 0.004 V and a pulse amplitude, 

width, and period of 50 mV, 0.05, and 0.5 s, respectively. Samples were dissolved in dichloromethane 

(DCM) and were degassed by sparging with DCM-saturated nitrogen gas for 5 minutes prior to meas-

urements. All measurements were performed using 0.1 M DCM solution of tetra-n-butylammonium 

hexafluorophosphate ([nBu4N]PF6]). An Ag/Ag+ electrode was used as the reference electrode while a 

platinum electrode and a platinum wire were used as the working electrode and counter electrode, re-

spectively. The HOMO energy was determined using the relation EHOMO = −(Eox + 4.8) eV,4, 5 where 

Eox is the anodic peak potential calculated from DPV related to Fc/Fc+. The LUMO energy was calcu-

lated using the relation ELUMO = EHOMO – Eopt. The optical gap (Eopt) was calculated from the intersection 

point between the normalized absorption and emission spectra (Figure S15). 

Quantum chemical calculations. All ground state optimizations have been carried out at the Density 

Functional Theory (DFT) level with Gaussian 166 using the PBE07 functional and the 6-31G(d,p) basis 

set.8 Excited-state calculations have been performed at Tamm-Dancoff approximation DFT (TDA-

DFT)9, 10 using the same functional and basis set as for ground state geometry optimization. Spin-orbit 

coupling matrix elements (x) were calculated based on the optimized ground state geometry. Molecular 

orbitals were visualized using GaussView 6.0.11 Calculations were submitted and processed using the 

Digichem (version 6) software package,12, 13 which incorporates a number of publicly available software 

libraries, including: cclib14 for parsing of result files, VMD15 and Tachyon16 for 3D rendering, Mat-

plotlib17 for the plotting of graphs, Open Babel18 and Pybel19 for file interconversion, and PySOC20 for 

the calculation of spin-orbit coupling. The Huang–Rhys factors were calculated using the optimized 

geometries of the ground (S₀) and excited (S₁) states at the PBE0/6-31G(d,p) level of theory. The reor-

ganization energies of the emitter were subsequently evaluated using the DUSHIN program based on 

the vibrational normal-mode analysis of these optimized structures. 21   
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Synthesis 

 

N-(2,6-dimethylphenyl)benzo[b]thiophen-3-amine (1) 

A Schlenk flask under nitrogen was charged with 3-bromobenzo[b]thiophene (5.00 g, 23.46 mmol, 1.0 

equiv.), 2,6-dimethylaniline (2.84 g, 23.46 mmol, 1.0 equiv.), sodium tert-butoxide (4.07 g 46.92 mmol, 

2.0 equiv.), [tBu3PH]BF4 (0.12 g, 0.71 mmol, 0.03 equiv.) and Pd2(dba)3 (0.19 g, 0.35 mmol, 0.015 

equiv.) was added in toluene (30 mL) and heated at 100 °C under inert atmosphere for 2 h. The mixture 

was cooled, diluted with EtOAc (200 mL) and then filtered through a pad of celite. The organic fraction 

was concentrated under reduced pression and adsorbed on alumina. The compound was purified by 

alumina column chromatography using hexane as the eluant. Dark brown crystalline solid. Yield: 49% 

(2.90 g). Mp: 133 - 135 °C. Rf : 0.55 (hexane). 1H NMR (400 MHz, DMSO) δ (ppm): 8.15 – 8.13 (m, 

1H), 7.87 – 7.84 (m, 1H), 7.43 – 7.35 (m, 3H), 7.15 – 7.13 (m, 2H), 7.09 – 7.05 (m, 1H), 5.49 (s, 1H), 

2.18 (s, 1H). 13C NMR (125 MHz, DMSO) δ (ppm) 140.35, 140.11, 139.15, 135.37, 133.13, 128.88, 

125.77, 125.07, 123.81, 123.47, 121.54, 95.21, 18.31. HR-MS[M+H]+ Calculated: 254.0998 

(C16H15NS); Found: 254.0999. 

 

N1,N3-bis(benzo[b]thiophen-3-yl)-N1,N3-bis(2,6-dimethylphenyl)-N5,N5-diphenylbenzene-1,3,5-

triamine (2) 

A dried Schlenk flask under nitrogen was charged with a mixture of 3,5-dichloro-N,N-diphenylaniline 

(1.00 g, 3.18 mmol, 1.0 equiv.), N-(2,6-dimethylphenyl)benzo[b]thiophen-3-amine (1.77 g, 7.00 mmol, 

2.2 equiv.), sodium tert-butoxide (0.76 g, 7.95 mmol, 2.5 equiv.), Xphos (0.76 g, 1.59 mmol, 0.5 equiv.) 
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and Pd2(dba)3 (0.15 g, 0.16 mmol, 0.05 equiv.) in toluene (20 mL) was heated at 110 °C. After 18 h, the 

reaction mixture was allowed to cool to room temperature and filtered through silica/celite pad and 

washed with DCM (200 mL). The collected organic fractions were concentrated under reduced pres-

sure. The crude mixture was purified by flash column chromatography using DCM/hexane (3/7, v/v) as 

eluant. Dark yellow solid. Yield: 84% (2.00 g).  Mp: 150-155 °C. Rf : 0.35 (30 : 70 DCM : hexane). 

1H NMR (300 MHz, DMSO) δ (ppm): 7.87 – 7.84 (m, 2H), 7.68 – 7.66 (m, 2H), 7.36 – 7.23 (m, 8H), 

7.09 – 7.06 (m, 3H), 6.99 (t, J = 7.26 Hz, 2H), 6.86 (d, J = 7.74 Hz, 4H), 6.78 – 6.70 (m, 6H), 6.55 (d, 

J = 1.35 Hz, 2H), 1.80 (s, 12H). 13C NMR (125 MHz, CDCl3) δ (ppm) 147.79, 147.10, 140.17, 136.90, 

135.96, 134.79, 132.71, 130.70, 129.19, 128.73, 124.76, 124.58, 123.98, 123.30, 122.89, 122.51, 

122.26, 121.29, 121.20, 121.10, 18.78. HR-MS[M+H]+ Calculated: 747.2732 (C50H41N3S2); Found: 

747.2736. 

 

5,9-bis(2,6-dimethylphenyl)-N,N-diphenyl-5H,9H-14,15-dithia-5,9-diaza-14b-boradiindeno[2,1-

a:1',2'-j]phenalen-7-amine (BT-DBIP) 

To a solution of 2 (0.15 g, 0.22 mmol, 1.0 equiv.) in 1,2-dichlorobenzene (4 mL) was added boron 

tribromide (0.04 mL, 0.40 mmol, 1.8 equiv.) under a nitrogen atmosphere at room temperature. After 

stirring at 180 °C for 24 h, the reaction mixture was allowed to cool to room temperature. Then, further 

it was cooled to 0 °C in an ice bath and N,N-diisopropylethylamine (0.08 mL, 0.44 mmol, 2.0 equiv.) 

was added. This mixture was allowed to warm to room temperature and stirred for 2h. Then, the solvent 

was removed in vacuo to obtain the crude product, then, the crude was purified by column chromatog-

raphy using DCM/hexane (1/3, v/v) as eluent. Yellow solid. Yield: 56% (93 mg). Rf : 0.4 (30 : 70 DCM 

: hexane) Mp: 320-323 ºC. HPLC purity: > 99.80% (retention time: 5.60 minutes for BT-DBIP em-

ploying an eluent of 8:2 THF:H2O). 1H NMR (500 MHz, CDCl3) δ (ppm): 7.66 (d, J = 7.45 Hz, 2H), 

7.39 – 7.34 (m, 8H), 7.27 (s, 2H), 7.18 – 7.16 (m, 2H), 7.11 (t, J = 7.50 Hz, 2H), 7.03 (t, J = 7.60 Hz, 
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2H), 6.79 (d, J = 7.60 Hz, 4H), 6.75 ((t, J = 7.95 Hz, 2H), 5.46 (d, J = 8.65 Hz, 2H), 1.89 (s, 12H). 13C 

NMR (125 MHz, CDCl3) δ (ppm) 151.08, 147.41, 141.43, 139.23, 138.01, 137.30, 136.40, 133.64, 

129.44, 128.12, 127.23, 125.36, 124.37, 123.92, 123.74, 122.93, 122.76, 119.41, 111.48, 19.23. HR-

MS[M+H]+Calculated: 756.2673 (C50H39B1N3S2); Found: 756.2649. Elemental analysis: Calcd for 

BT-DBIP C50H38BN3S2: C, 79.46; H, 5.07; N, 5.56 Found: C, 78.70; H, 5.15; N, 5.18. 

 

Fig. S1. 1H NMR spectrum of 1 in DMSO-d6. 



 S9 

 

Fig. S2. 13C NMR spectrum of 1 in DMSO-d6. 

 

Fig. S3. HRMS of 1. 
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Fig. S4. 1H NMR spectrum of 2 in DMSO-d6. 

 

Fig. S5. 13C NMR spectrum of 2 in CDCl3. 
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Fig. S6. HRMS of 2. The peak at 747.27364 corresponds to [C50H41N3S2 + H]+. 
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Fig. S7. 1H NMR spectrum of BT-DBIP in CDCl3. 

 

Fig. S8. 13C NMR spectrum of BT-DBIP in CDCl3. 
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Fig. S9. HRMS of BT-DBIP. The peak at 756.2649 corresponds to [C50H38BN3S2 + H]+. 
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Fig. S10. Elemental analysis of BT-DBIP. 
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Fig. S11. HPLC trace of BT-DBIP. 
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Fig. S12. TGA of BT-DBIP. The measurement was performed under a continuous N2 flow and at a 

temperature ramp rate of 10 °C/min. 

Calculations 

 

Fig. S13. Calculated optimized geometry of BT-DBIP at the PBE0/6-31G(d,p) level in the gas phase, 

(a) front view and (b) side view. 

 

Fig. S14. a) Frontier orbitals of BT-DBIP and PAB (isovalue of 0.02) calculated at the PBE0/6-

31G(d,p) level in the gas phase, b) difference density plots and energies for the two lowest lying singlet 

and triplet excited states for BT-DBIP calculated at SCS-CC2/cc-pVDZ in the gas phase (isovalue = 

0.001). Blue color represents an area of decreased electron density and red represents an increased 
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electron density between the ground and excited states. f denotes the oscillator strength for the transition 

to the excited singlet state. 

 

Fig. S15. Normalized absorption and emission spectra in toluene (λexc = 374 nm).  
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Fig. S16. The Huang–Rhys factor (HR) as a function of frequency under the representative vibration 

modes for S1–S0 transition of BT-DBIP. Inset figure belongs to merged ground (S0) and excited state 

(S1) molecular structures. 
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Fig. S17. PL Solvatochromism study of BT-DBIP, λexc = 374 nm. 

 

Table S1. Photophysical properties of BT-DBIP in different solvents.a 

Solvent BT-DBIP 

λPL / nm FWHM / nm 

Hex 409, 434 53 

PhMe 416, 440 53 

EtOAc 414, 439 55 

THF 415, 439 54 

DCM 420, 442 57 

a λexc = 374 nm. 
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Fig. S18. Time-resolved PL decays by TCSPC of BT-DBIP measured in toluene solution at RT under 

vacuum for em = 416 nm (λexc = 375 nm) (time window 0-50 μs). Inset, time-resolved PL decay of the 

prompt emission measured by TCSPC (time window 0-80 ns). 

 

 

 

 

 

 

Table S2. TDA-DFT theoretical prediction of vertical excitation for BT-DBIP at the PBE0/6-31G(d,p) 

level in the gas phase. 

Vertical excitation emi / nm f Transitions (Probability) 

S0 - S1 395 0.33 HOMO → LUMO (0.95) 

S0 – S2 356 0.17 HOMO-1 → LUMO (0.92) 
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Fig. S19. Emission spectra of BT-DBIP in toluene solution with optical density 0.1 under aerated and 

degassed conditions (λexc = 347 nm). 

 

 

Fig. S20. Time-resolved PL decays measured by TCSPC of 2 wt% doped films of BT-DBIP in mCP 

for em of 420 and 445 nm (λexc = 375 nm). 
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Fig. S21. Temperature-dependent time-resolved PL decays measured by MCS of 2 wt% doped films of 

BT-DBIP in mCP for Ph = 571 nm. Film was excited by a microsecond flash lamp at λexc = 340 nm. 

IRF is the instrument response function. 
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