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Instrumentation 

The chemical composition of synthesized compounds was investigated via 1H (400 MHz) and 13C 

(101 MHz) NMR spectroscopy, the NMR spectra were recorded with Bruker Avance III 

instrument. NMR samples were prepared according to general procedure: 25 mg of compound was 

dissolved in 0.6 ml of deuterated solvent (chloroform or acetone). Mass spectra were recorded with 

Waters ZQ 2000 instrument. 

Thermal analysis results were obtained with TA Instruments DSC Q2000 series thermal analyzer 

for differential scanning colorimetry (DSC) and TA Instruments TGA Q50 instrument for 

thermogravimetric analysis (TGA). The sample heating rate for DSC experiments was 10 °C/min 

under N2 flow, the sample heating rate for TGA experiments was 20 °C/min under N2 flow. 

Cyclic voltammetry (CV) experiments were carried out with Bio-Logic SAS and a micro-

AUTOLAB Type III instruments, utilizing three-electrode system: counter electrode (CE) – 

platinum wire, reference electrode (RE) – argentum wire and working electrode (WE) – carbon 

rod, electrolyte solution (0.1 M) was prepared from tetrabutylammonium hexafluorophosphate and 

dry CH2Cl2 at room temperature. Standard ferrocene/ferrocenium (Fc/Fc+) redox system was used 

to calibrate the potential values. 

Theoretical calculations. The ground-state geometries were optimized by using the B3LYP (Becke 

three parameters hybrid functional with Lee-Yang-Perdew correlation)1functional at 6-31G (d, p) 

level in vacuum with the Gaussian2 program. 

Firstly, the equilibrium conformer search at the ground state was performed by using the MMFF 

(Molecular mechanics force fields) method, and then this geometry was used for further 

optimization. The vertical singlet and triplet energy values were calculated by using the energy 



values at the corresponding excited state geometry. The time-dependent DFT (TD-DFT) 

calculations were carried out with the Gaussian 16 software package. Molecular orbitals were 

visualized by using Gaussview. The methodology of theoretical calculations corresponds to that 

of the previously published theoretical investigation of the HLCT materials 3,4.

Absorption spectra of dilute solutions of synthesized compounds (concentration 10-5 M) were 

recorded with AvaSpec-2048XL spectrophotometer. PL and PL decay spectra were recorded with 

Edinburgh Instruments’ FLS980 spectrometer, the samples were purged with N2 to remove 

oxygen. The photoluminescence quantum yield (ΦPL) values were calculated according to the 

spectral intensities of excitation PicoQuantLDH-D-C-375 laser (excitation wavelength of 377nm) 

and PL emission. Phosphorescence spectra were recorded at 77K utilizing liquid nitrogen cryostat 

Optistat DN2 and turbomolecular pump. For films of compounds doped in Zeonex (1 wt.%) the 

delay for the measurements of phosphorescence spectra was 1 ms. 

Charge transporting properties of vacuum-deposited films of 2tCzPy, 3tCzPy and 4tCzPy were 

studied by the time-of-flight (TOF) method at room temperature 5. The sample configuration was 

indium tin oxide (ITO) /organic layer/Al. The thicknesses (d) of the layers of PBCz1 and PBDPA1 

were measured by ProFilm3D profilometer (Figure S7). A laser (EKSPLA) with a wavelength of 

355 nm, the precision 6517B electrometer (Keithley), and the TDS 3032C oscilloscope (Tektronix) 

were used in the TOF setup. The samples were excited by the laser from the ITO side. Positive 

voltages (V) were applied to ITO to record hole carrier transients with visible transit times (ttr) at 

the different electric fields (E). Hole mobilities (μh) of PBCz1 and PBDPA1 were calculated using 

the formula μh = d2 / (V × ttr).

In the OLED study, ITO substrates with sheet resistance of ∼15 Ωsq−1 were cleaned in an 

ultrasonic bath, involving successive immersions in deionized water and 2-propanone for 20 



minutes each, followed by warming in methanol for 10 minutes. Lastly, the glass substrates were 

treated with UV-ozone. The current density-voltage-luminance (J-V-L) characteristics of the 

devices were measured in a glovebox with a Keithley 2400 source meter and a Keithley 6485 

picometer equipped with a calibrated silicon photodiode. 
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Figure S1. DSC of compounds 2tCzPy and 3tCzPy.
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Figure S2. absorption spectra of toluene solutions (a) and films (b), PL decay curves of 
chloroform solutions (c), PL spectra (d) and PL decay curves (e) of toluene solutions of 

compounds 2tCzPy, 3tCzPy and 4tCzPy.
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Figure S3. Theoretical UV spectra (in toluene) obtained from TD-DFT calculations of 
compounds (a) and visualized dominating transitions (b).
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Figure S4. Normalized PL spectra (left) and PL decay curves of neat films of 2tCzPy, 3tCzPy 
and 4tCzPy at air (center) and vacuum (right).

Table S1. Data derived from PL decay curves for neat films of 2tCzPy, 3tCzPy and 4tCzPy.

Compound Conditions Temperature,
 K

λem, nm Lifetimes 
(τ1, τ2, or τ3)

χ2

Air 404 2.73 ns (62.84 %),
8.46 ns (37.16 %)

1.0092tCzPy

Vacuum 404 3.04 ns (63.66 %),
9.16 ns (36.34 %)

1.01

Air 406 2.14 ns (55.64 %),
5.62 ns (44.36 %)

1.0123tCzPy

Vacuum 406 200 ns: 2.26 ns (56.74 
%),

5.77 ns (43.26 %)

1.001

Air 427 200 ns: 2.5 ns (63.9%),
6.43 ns (36.1 %)

1.008

Vacuum 427 2.2 ns (64.19%),
6.34 ns (35.81 %)

1.01

4tCzPy

Vacuum

293

539 4.8 ns (53.2 %),
18.39 ns (37.12 %),
296.71 ns (9.69 %).

1.001
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Figure S5. Normalized PL spectra (left) and PL decay curves of Zeonex-based films of 2tCzPy, 
3tCzPy and 4tCzPy at air (center) and vacuum (right) (compound 1 wt.% in Zeonex martix).

Table S2. Data derived from PL decay curves for Zeonex-based films of 2tCzPy, 3tCzPy and 
4tCzPy (compound 1 wt.% in Zeonex martix) at air and vacuum.

Compound Conditions Temperature, 
K

λmax, nm Lifetimes 
(τ1, τ2, or τ3)

χ2

Air 395 1.34 ns (17.06 %),
6.79 ns (82.94 %)

1.039

Air 509 5.32 ns (62.57 %),
22.2 ns (37.43 %)

1.195

Vacuum 395 0.97 ns (17.19 %),
6.59 ns (82.81 %)

1.143

2tCzPy

Vacuum 509 5.43 ns (62.85 %),
23.5 ns (37.15 %)

1.185

Air 398 2.08 ns (39.52 %),
6.21 ns (60.48 %)

1.001

Air 507 7.24 ns (39.81 %),
23.9 ns (60.19 %)

1.185

Vacuum 398 1.17 ns (40.97 %),
5.49 ns (59.03 %)

1.135

3tCzPy

Vacuum 507 5.93 ns (41.56 %),
22.05 ns (58.44 %)

1.185

Air 420 2.36 ns (61.98 %),
6.89 ns (38.02 %)

1.013

Air 507 5.77 ns (38.51 %),
20.5 ns (61.49 %)

1.197

Vacuum 425 200 ns: 2.88 ns (68.56 
%),

9.03 ns (31.44 %)

1.179

4tCzPy

Vacuum

293

507 200 ns: 5.48 ns (40.41 
%),

20.02 ns (59.59 %).

1.175
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Figure S6. Normalized PL spectra (left) of films of 2tCzPy, 3tCzPy and 4tCzPy and their 
dispersions in PO-T2T, DPEPO, or mCBP and PL decay curves of films of 2tCzPy, 3tCzPy and 

4tCzPy dispersed in PO-T2T at air and vacuum (compound 50 wt.% in PO-T2T).
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Figure S7. TOF measurements for holes and electrons in the vacuum-deposited films of 2tCzPy, 
3tCzPy and 4tCzPy.
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Figure S8. Measurements of thicknesses of the vacuum-deposited films of 2tCzPy (a), 3tCzPy 
(b) and 4tCzPy (c) used in the TOF measurements. 
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Figure S9. EL spectra of the reference device R at different voltages.
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Figure S10. Current, power and EQE as the function of current density for devices W1-3, E1-3 
and ER. 



Electroluminescence of doping-free OLEDs.

We fabricated doping-free devices N1, N2 and N3 using 2tCzPy, 3tCzPy, and 4tCzPy for the 
deposition of the light-emitting layers (EML), respectively. The device structure was as follows: 
ITO / HAT-CN (16 nm) / NPB (45 nm) / mCP (5 nm) / EML (25 nm) / TSPO1 (8 nm) / TPBi (80 
nm) / LiF (0.4 nm) / Al. The exciton-blocking layers of mCP and TSPO1 were used to ensure that 
EL properties can be completely attributed to EML. The main EL characteristics of the devices are 
collected in Figures S11 and S12. Device N2 did not show measurable EL because of the charge 
transporting issues of 3tCzPy (Figure 5c). In contrast, devices N1 and N3 showed EL spectra with 
two bands similar to those observed in EL spectra of OLEDs W1-W3 (Figure S11a). The EL 
intensities of those bands were found to be different for devices W1-W3 and N1/N3 since DPEPO 
was used as a host in the case of colour-tuneable white OLEDs. 

We collected EL decay curves for devices N1 and N3 (Figure S12). According to the EL dynamics 
studied at the different wavelengths, compounds emit short-lived emissions at the short 
wavelengths and long-lived emissions in the low-energy region. The long-lived EL of the devices 
is the additional evidence of triplet harvesting by the compounds. 
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Figure S11. EL spectra recorded at the different voltages (a), current density/brightness (b) 
versus voltage plots and current efficiency, power efficiency and EQE (c) versus current density 

of devices N1 and N2.
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Figure S12. EL decay curves of devices N1 and N2 recorded at the different wavelengths.



 
Figure S13. 1H NMR spectrum of 2tCzPy in CDCl3

Figure S14. 13C NMR spectrum of 2tCzPy in CDCl3



 
Figure S15. 1H NMR spectrum of 3tCzPy in CDCl3

 Figure S16. 13C NMR spectrum of 3tCzPy in CDCl3



Figure S17. 1H NMR spectrum of 4tCzPy in acetone-d6

Figure S18. 13C NMR spectrum of 4tCzPy in acetone-d6
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