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I. General remarks  

1. Materials 

Unless otherwise noted, diphenylamine, 4-chloro-N-phenylaniline, 4-bromo-N-phenylaniline, 

cyanuric chloride, n-BuLi (2.5 M in hexane), lithium diisopropylamide (LDA, 2 M in THF) and 

extra dry solvents (THF stored with molecular sieves) were obtained from commercial suppliers 

and used without further purification. 4-Fluoro-N-phenylaniline [S1] and 2-chloro-4,6-

bis(diphenylamino)-1,3,5-trazine [S2]  were prepared according to the literatures. 

 

2. Instrumentation 

NMR spectra were obtained on a Varian Inova 400 spectrometer. The 1H NMR (400 MHz) and 

13C NMR (100 MHz) chemical shifts were measured relative to CDCl3 as the internal reference 

(CDCl3: δ = 7.26 ppm for 1H and δ = 77.16 ppm for 13C, respectively). High-resolution mass 

spectra (HRMS) were obtained with Waters-Q-TOF-Premier (ESI+). The purities of HPM 

derivatives were determined by high-performance liquid chromatography (HPLC) using an 

Agilent 1260-DAD HPLC system. Single-crystal X-ray diffraction data for the compounds 

were obtained by using a New Gemini, Dual, Cu at zero, EosS2 diffractometer or a Bruker D8 

venture diffractometer with Ga radiation at room temperature. Using Olex2 [S3], the structure 

was solved with the ShelXT [S4] structure solution program using Intrinsic Phasing and refined 

with the ShelXL [S5] refinement package using Least Squares minimisation. The UV-vis 

diffuse reflectance spectra (DRS) were obtained by SHIMADZU UV-3600 plus equipped with 

integrating sphere attachment. Room-temperature phosphorescence (RTP) spectra were 

measured using HITACHI F-7100 FL spectrophotometer (phosphorescence mode, chopping 

speed: 40 Hz). The RTP lifetimes were collected on a HORIBA TEMPRO-01 instrument. The 

phosphorescence quantum yields were determined by FLS-980 with integrating sphere systems 

under ambient conditions. The time-resolved RTP decay image and temperature dependent 

phosphorescence spectra were obtained by FLS-980. The lifetimes of temperature dependence 

of phosphorescence were recorded by the QM-40 spectrofluorometer employing an electric 

shutter, and the excitation source is a nitrogen laser (λ = 337 nm, pulse width ≈ 1.5 ns, 

repetition rate = 11 Hz). 10 K was obtained by cycle refrigeration of liquid helium using ARS-

4HW cryo equipment (Advanced Research Systems). Powder X-ray diffraction (PXRD) 

patterns for HPM derivatives were recorded from 5.0° to 50.0° (2θ) using a Dandong DX-2700 

powder diffractometer equipped with a copper target X-ray tube and a diffracted beam 

monochromator. Differential scanning calorimetry (DSC) analysis were measured by Mettler 

Toledo DSC1 under nitrogen atmosphere at heating and cooling rate of 5 °C/min.  
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II. Synthesis procedures 

 

Scheme S1 Synthesis of HPM-H. 

 

2,4,6-Tris(diphenylamino)-1,3,5-triazine (HPM-H): HPM-H was synthesized according to 

the literature and recrystallized from DMF [S6]. 1H NMR (400 MHz, CDCl3): δ = 7.11-7.15 

(m, 24 H), 7.01-7.06 (m, 6H) ppm. 13C NMR (100 MHz, CDCl3): δ = 165.8, 143.6, 128.4, 127.6, 

125.0 ppm. Purity: 99.90% (HPLC). 

 

 

 

Scheme S2 Synthesis of HPM-F, HPM-Cl and HPM-Br. 

 

2-[N,N-(4-fluorophenyl)phenylamino)]-4,6-bis(diphenylamino)-1,3,5-trazine (HPM-F): 4-

Fluoro-N-phenylaniline (374.4 mg, 2 mmol) and 10 mL dry THF were palced in a flame-dried 

Schlenk tube with a magnetic stir bar under a N2 atmosphere. Then the solution was cooled to 

-20 °C and n-BuLi (2.5 M in hexane, 0.96 mL, 2.4 mmol) was dropped slowly into the solution. 

The mixture was then warmed to room temperature and 2-chloro-4,6-bis(diphenylamino)-1,3,5-

trazine (899.9 mg, 2 mmol) was added. The mixture was heated at 80 °C overnight. A large 

amount of solid product was precipitated. The precipitation was filtered and washed with 
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methanol several times. The desired product was then recrystallized from xylene and dried in 

vacuo to give a white solid (722 mg, 60%). 1H NMR (400 MHz, CDCl3): δ = 7.10-7.16 (m, 20 

H), 7.03-7.07 (m, 7H), 6.76-6.82 (m, 2H) ppm. 13C NMR (100 MHz, CDCl3): δ = 165.8, 165.7, 

161.4, 158.9, 143.5, 143.3, 139.54, 139.51, 129.4, 129.3, 128.39, 128.36, 127.6, 127.3, 125.1, 

125.0, 115.2, 115.0 ppm. HRMS (ESI+): calcd. for C39H30FN6 [M+H]+ 601.2516, found 

601.2516. Purity: 99.32% (HPLC). 

 

2-[N,N-(4-chlorophenyl)phenylamino)]-4,6-bis(diphenylamino)-1,3,5-trazine (HPM-Cl): 

4-Chloro-N-phenylaniline (672.1 mg, 3.3 mmol) and 15 mL dry THF were palced in a flame-

dried Schlenk tube with a magnetic stir bar under a N2 atmosphere. Then the solution was cooled 

to -20 °C and LDA (2 M in THF, 1.82 mL, 3.63 mmol) was dropped slowly into the solution. 

The mixture was then warmed to room temperature and 2-chloro-4,6-bis(diphenylamino)-1,3,5-

trazine (1.35 g, 3 mmol) was added. The mixture was heated at 80 °C overnight. A large amount 

of solid product was precipitated. The precipitation was filtered and washed with methanol 

several times. The desired product was then recrystallized from xylene and dried in vacuo to 

give a white solid (1.02 g, 55%). 1H NMR (400 MHz, CDCl3): δ = 7.18-7.11 (m, 20 H), 7.09-

7.01 (m, 9H) ppm. 13C NMR (100 MHz, CDCl3): δ = 165.8, 165.6, 143.5, 143.0, 142.1, 130.3, 

128.8, 128.46, 128.41, 128.35, 127.6, 127.5, 125.23, 125.19 ppm. HRMS (ESI+): calcd. for 

C39H30ClN6 [M+H]+ 617.2220, found 617.2200. Purity: 99.58% (HPLC). 

 

2-[N,N-(4-bromophenyl)phenylamino)]-4,6-bis(diphenylamino)-1,3,5-trazine (HPM-Br): 

4-Bromo-N-phenylaniline (545.9 mg, 2.2 mmol) and 10 mL dry THF were palced in a flame-

dried Schlenk tube with a magnetic stir bar under a N2 atmosphere. Then the solution was cooled 

to -20 °C and LDA (2 M in THF, 132 mL, 2.64 mmol) was dropped slowly into the solution. 

The mixture was then warmed to room temperature and 2-chloro-4,6-bis(diphenylamino)-1,3,5-

trazine (899.9 g, 2.0 mmol) was added. The mixture was heated at 80 °C overnight. A large 

amount of solid product was precipitated. The precipitation was filtered and washed with 

methanol several times. The desired product was then recrystallized from xylene and dried in 

vacuo to give a white solid (709 mg, 54%). 1H NMR (400 MHz, CDCl3): δ = 7.18-7.11 (m, 20 

H), 7.09-7.01 (m, 9H) ppm. 13C NMR (100 MHz, CDCl3): δ = 165.8, 165.5, 143.4, 143.0, 142.7, 

131.3, 129.1, 128.47, 128.42, 127.6, 127.5, 125.3, 125.2, 118.2 ppm. HRMS (ESI+): calcd. for 

C39H30BrN6 [M+H]+ 661.1715, found 661.1716. Purity: 99.63% (HPLC). 
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III. Photophysical, XRD and DSC Properties 

 

 

Fig. S1 The fluorescence spectra of HPM derivatives in diluted THF solution (2×10-5 mol/L) 

at 300 K. 

 

 

Fig. S2 The phosphorescence spectra of HPM derivatives in diluted THF solution (2×10-5 

mol/L) at 77 K. 

 



    

 S6 

 

Fig. S3 The time-resolved RTP decay images of HPM-H in crystals. 

 

Fig. S4 The time-resolved RTP decay images of HPM-Br in crystals. 
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Fig. S5 The fluorescence spectra of HPM derivatives in crystals at 300 K. 

 

 

Fig. S6 The time-resolved PL decay curves of HPM derivatives in crystals at 300 K in the time 

range of 200 ns. 
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Fig. S7 The temperature dependent phosphorescence spectra for the delayed component of 

HPM-H in crystals. 

 

 

Fig. S8 The temperature dependence of time-resolved photoluminescence decay curves of 

HPM-H in crystals in the time range of 10 ms. 
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Fig. S9 The time-resolved RTP decay curves of shoulder emission peaks of HPM 

derivatives in crystals. 

 

Table S1 The details of RTP lifetimes (τ) of HPM derivatives in crystals. 

Compound λphos (nm) τ1 (ms) A1 (%) τ2 (ms) A2 (%) 

HPM-H 
473  76.87 8.13 608.09 91.87 

494 (sh) 102.59 12.35 668.53 87.65 

HPM-F 
463 (sh) 45.73 34.92 311.47 65.08 

507 53.10 15.03 337.44 84.97 

HPM-Cl 
501 (sh) 11.86 52.03 94.68 47.97 

534 19.95 40.71 99.32 59.29 

HPM-Br 
502 (sh) 0.38 26.98 2.23 73.02 

534 0.28 6.63 2.80 93.37 

The lifetimes of shoulder emission peaks are quite similar to that of maximum emission peaks, 

indicating that all the photons are generated from the same excited state. 
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Fig. S10 The UV-vis DRS of HPM derivatives in powders. 

 

 

Fig. S11 The PXRD patterns of HPM derivatives. 
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Fig. S12 The DSC curves of HPM derivatives. 

 

Table S2 Single crystal data of HPM derivatives 

Name HPM-H HPM-F HPM-Cl HPM-Br 

Formula C39H30N6 C39H29FN6 C39H29ClN6 C39H29BrN6 

Wavelength (Å) 1.54184 1.54184 1.54184 1.34139 

Space Group R-3c R-3c R-3c R-3c 

Cell Lengths (Å) 

a=14.4042(7) 

b=14.4042(7) 

c= 25.6105(13) 

a=14.5389(9) 

b=14.5389(9) 

c=25.5523(16) 

a=14.6313(7) 

b=14.6313(7) 

c=25.8672(16) 

a=14.6985(7) 

b=14.6985(7) 

c=26.0926(13) 

Cell Angles (o) 

 =90 

 =90 

 =120 

 =90 

 =90 

 =120 

 =90 

 =90 

 =120 

 =90 

 =90 

 =120 

Cell Volume (Å3) 4601.8(5) 4677.6(6) 4795.6(5) 4882.0(5) 

Z 6 6 6 6 

Density (g/cm3) 1.262 1.279 1.282 1.350 

F(000) 1836.0 1884.0 1932.0 2040.0 

hmax, kmax, lmax 14,16,28 14,14,30 17,15,31 17,17,31 

CCDC number 2063811 2063809 2063802 2063796 
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V. Theoretical calculations 

The theoretical calculations were carried out by using Gaussian 16 A.03 package [S7]. To 

calculate the S0 and T1 geometries of structures in solid sates, the QM/MM method with two-

layer ONIOM approach based on the single-crystal data were performed. The central molecule 

is regarded as high layer, calculated by QM method (B3LYP/6-31G* level). Meanwhile the 

surrounding molecules are frozen and regarded as low layer and calculated by MM method 

(UFF, embed QEq charge). The basis set superposition error (BSSE) corrected complexation 

energies (ΔEc) of trimers of HPM derivatives were calculated to estimate the strength of 

noncovalent intermolecular interactions with functional and basis set of B3LYP-D3(BJ)/6-

311+G(d,p). The molecular coordinates of HPM trimers were obtained from the single-crystal 

data, while the hydrogen and halogen atoms were optimized with B3LYP-D3(BJ)/6-311G(d,p) 

method. The geometry changes between S0 and T1 states are measured by root-mean squared 

displacement (RMSD) with the expression of ' 2 ' 2 ' 21
RMSD= ( ) ( ) ( )

natom

i i i i i ix x y y z z
N

       . 

The reorganization energy (ΔEr) was calculated by MOMAP program [S8] to measure the non-

radiative energy consumption based on the obtained electronic structure and vibration 

information. The total volume (Vtotal), free volume (Vfree) were calculated by Multiwfn 3.8 based 

on the single-crystal unit cells data. 

 
Fig. S13 QM/MM model for crystal  (a) HPM-H, (b) HPM-F, (c) HPM-Cl and (d) HPM-Br, 

respectively. 
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Fig. S14 Independent gradient model (IGM) gradient isosurface [S9-S11] and BSSE corrected 

complexation energies of HPM trimers, (a) HPM-H, (b) HPM-F, (c) HPM-Cl and (d) HPM-

Br.  
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Fig. S15 Single-crystal unit cells of (a) HPM-H, (b) HPM-F, (c) HPM-Cl and (d) HPM-Br.  

 

Table S3 Total volume (Vtotal), free volume (Vfree) and Vfree/Vtotal for single-crystal unit cells of 

HPM derivatives. 

Compound Total volume (Vtotal, Å3) Free volume (Vfree, Å3) Vfree/Vtotal 

HPM-H 4601.85 1368.16 0.297306518 

HPM-F 4677.66 1453.632 0.310760508 

HPM-Cl 4795.65 1536.003 0.320290889 

HPM-Br 4882.05 1597.24 0.327165842 
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VI. Copies of 1H and 13C NMR spectra of HPM derivatives 

 

Fig. S16 1H NMR spectrum of HPM-H in CDCl3. 
 

 

Fig. S17 13C NMR spectrum of HPM-H in CDCl3. 
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Fig. S18 1H NMR spectrum of HPM-F in CDCl3. 

 

Fig. S19 13C NMR spectrum of HPM-F in CDCl3. 
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Fig. S20 1H NMR spectrum of HPM-Cl in CDCl3. 

 

Fig. S21 13C NMR spectrum of HPM-Cl in CDCl3. 
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Fig. S22 1H NMR spectrum of HPM-Br in CDCl3. 
 

 

Fig. S23 13C NMR spectrum of HPM-Br in CDCl3. 
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Fig. S24 Purity of HPM-H determined by HPLC. 
 

 

Fig. S25 Purity of HPM-F determined by HPLC. 

 

Fig. S26 Purity of HPM-Cl determined by HPLC. 
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Fig. S27 Purity of HPM-Br determined by HPLC. 


