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General procedure 

Materials and characterization 

Starting materials, reagents, and solvents were purchased from commercial sources (J&K, Zhengzhou 

Alfa and Acros) and used without further purification. Elemental analysis was obtained with a 

VarioMicro CUBE CHN elemental analyzer. Powder X-ray diffraction (PXRD) patterns were collected 

on a Rigaku Smart lab diffractometer with Cu KŬ radiation (ɚ = 1.5418 ¡) at room temperature. The X-

ray tube operated at a voltage of 40 kV and a current of 15 mA. Fourier transform infrared (FT-IR) spectra 

in the range 4004000 cmϺ1 were recorded on a Nicolet Avatar 360 FT-IR spectrophotometer. Solution 

1H NMR and 13C NMR spectra were recorded on a 400 MHz Bruker superconducting magnet high-field 

Nuclear Magnetic Resonance (NMR) spectrometer at 298 K, with tetramethylsilane (TMS) as the internal 

standard. Chemical shifts (ŭ) are expressed in ppm relative to the residual solvent (e.g., CDCl3 1H: 7.26 

ppm, 13C: 77.16 ppm) reference. Coupling constants are expressed in hertz. Thermogravimetric analysis 

(TGA) was carried out in a PerkinElmer thermal analysis equipment (STA 6000) with a heating rate of 

5 ÁC/minute. Diffuse reflection spectra were collected in the UV-Visible Near Infra-Red 

Spectrophotometer with Integrating Sphere (Shimazu 3600 plus). The fluorescence spectra were 

measured using HORIBA Scientific Fluorolog-3 at room temperature. The porosity and surface area 

analysis were performed using a Quantachrome Autosorb iQ gas sorption analyzer. The sample was 

outgassed at 0.03 torr with a 5 ÁC /minute ramp to 110 ÁC and held at these temperatures for 12 hours. 

transmission electron microscope (TEM) images were obtained from a field-emission transmission 

electron microscope (Hitachi, SU8220). All of the magnetic data was obtained from a physical property 

measurement system (PPMS, DynaCool, Quantum Design Inc.). The electron paramagnetic resonance 

(EPR) spectra were recorded using a Bruker ER-420 spectrometer. The central magnetic field was 3350 

G, and the modulation frequency was 100 kHz. 

The variable-temperature EPR data in solid state were fitted by modified Bleaney-Bowers equation to 

calculate singlet-triplet gap:  

ὍὝ
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Where I is the EPR intensity, C is a constant, kB is Boltzmanôs constant, T is the temperature and ȹEs-t is 

correlated to the excitation energy from the singlet ground state to the triplet excited state. 

Single-crystal X-ray diffraction data of Eu-TPTB was collected using an Oxford Cryo stream system on 

a XtaLAB PRO MM007-DW diffractometer system equipped with a RAMicro7HF-MR-DW(Cu/Mo) 

X-ray generator and Pilatus3R-200K-A detector (Rigaku, Japan, Cu KŬ, ɚ = 1.54178 ¡) at 100 K but the 

Yb-TPTB was collected on Bruker AXS Apex II CCD diffractometer (Cu KŬ, ɚ = 1.54178 ¡) at 150 K. 

The numerical absorption corrections were applied using the program of ABSCOR. The space group was 

assigned and the structure was solved by direct methods using XPREP within the SHELXTL suite of 

programs[S1] and refined by full matrix least squares against F2 with all reflections using Shelxl2018[S2] 

using the graphical interface Olex2[S3], which yielded the positions of all non-hydrogen atoms, and they 

were refined anisotropically. Hydrogen atoms were placed in calculated positions with fixed isotropic 

thermal parameters and included in the structure factor calculations in the final stage of full-matrix least-
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squares refinement. All calculations were performed using the SHELXTL system of computer programs. 

The unit cell volume included a large region of disordered solvent which could not be modelled as 

discrete atomic sites. The treatment for the guest molecules in the cavities of all crystals involves the use 

of the SQUEEZE program of PLATON. Crystal data and structure refinement parameters are 

summarized in Table S1. Complete crystallographic data for Eu-TPTB and Yb-TPTB, in CIF format, 

have been deposited with the Cambridge Crystallographic Data Centre as CCDC number 2190182-

2190183. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre 

via www.ccdc.cam.ac.uk/data_request/cif. 

Computational details 

Density Functional Theory (DFT) calculation was used to study the nature of the biradical on contracted 

H3TPTB linkers resulting from thermal annealing. Geometry optimizations and frequency calculation[S4] 

of singlet and triplet H3TPTB were performed using ORCA 4.2.1[S5] with B3LYP[S6] functional for 

density-fitting approximation and def2-TZVP(-f)[S7, S8] basis set. The multiplicity of the structure was set 

to be triplet consistent with biradical state. In the geometry optimization, the default tight convergence 

in the SCF cycle was adopted without any orbital symmetry constraints. The optimized structure was 

confirmed to be energetically at its local minimum without imaginary/negative frequencies before further 

calculation. Mulliken population analysis spin natural orbital (SNO) by Hirshfeld method[S9] and spin 

density analysis were performed using Multiwfn 3.7 software package[S10]. Spin density, and SNOs were 

plotted with VMD 1.9.3[S11]. 

The time-dependent-DFT (TD-DFT) calculation is based on the orbit premise of RI-wB97X-D3/def2-

SV(P) single-point calculation[S12]. The solid-state UV-Vis absorption spectra reported in this work were 

measured in the spectral region of 200 2500 nm. Singlet and triplet H3TPTB were used as models for 

probing the effect by diradicals on the absorption profiles. The simulated absorption profiles were 

obtained using B3LYP functional of TD-DFT with PBE0 basis set. Fully optimized ground-state 

structures of singlet and triplet H3TPTB based on TD-DFT/J RIJCOSX/def2-SV(P) calculations were 

used to compute the vertical excitation energies, oscillator strength and absorption wavelength of the 

simulated absorption profiles. As per the FrankïCondon principle, the maximum absorption peaks (ɚmax) 

in absorption spectra correspond to vertical excitation[S13]. 

Evaluation of the solar evaporation.  

All the solar water evaporation experiments were conducted under a 300 W Xenon lamp (PLS-SXE300, 

Perfect light, Beijing) with a 420 nm cut filter to simulate the solar irradiance. The light intensity at the 

sample surface is adjustable. The optical power on the surface was measured by a power meter (CEL-

NP2000-2A, Beijing Aulight Co. Ltd., China). For solar evaporation, the solar absorber samples were 

placed on top of a quartz beaker (The inner diameter is 22 mm and the outer diameter is 25 mm) filled 

with pure water. To evaluate the water evaporation performance of the solar absorber, the weight loss of 

the cylindrical container was recorded in real time fashion using a computer controlled electronic balance 

(PTX-FA110S, HUAZHI, 0.1 mg) and the temperature over the process was recorded by an IR thermal 

camera (Thermo X, Shanghai Magnity Technologies Electronics Co. Ltd.). All experiments were 

performed under room temperature of 23 Ñ 1 ÁC and humidity of about 60%. 

http://www.ccdc.cam.ac.uk/data_request/cif
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Calculation of the efficiency for solar to vapor generation 

The conversion efficiency ɖ of solar energy in photothermally assisted water evaporation was calculated 

as the following formula. [S14] 

–
Ὤ

ὅ ὖ
 

Where ἂ refers to the evaporation rate of water, hLV refers to the total liquid vapor phase-change enthalpy 

(the sensible heat and the enthalpy of vaporization, and, hLV = Q + ȹhvap), Q is the energy provided to 

heat the system from the initial temperature to a final temperature, ȹhvap is the latent heat of vaporization 

of water, P0 is the nominal solar irradiation value of 0.1 W cmϺ2, and Copt represents the optical 

concentration. The schematic for the vaporization enthalpy of the vapor is displayed as follows: 

 

ὗ ὅ Ὕ Ὕ  

ῳὬ ὗ ῳὬ ὗ  

ὗ ὅ ρππὝ 

ὗ ὅ Ὕ ρππ 

In this study, Cliquid, the specific heat capacity of liquid water is a constant of 4.18 J gϺ1 ÁCϺ1. Cvapor, the 

specific heat capacity of water vapor is a constant of 1.865 J gϺ1 ÁCϺ1. ȹh100 is the latent heat of 

vaporization of water at 100 ÁC, taken to be 2260 J gϺ1.  
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Experimental procedures  

 

Scheme S1. The synthetic scheme for H3TPTB 
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Synthesis of 1,5,9-Trinitrotriphenylene (SM1) 

SM1 was synthesized according to the previously reported procedure.[S15] To a solution of 2,3-

dichloronitrobenzene (30.0 g, 156.3 mmol) in DMF (240 mL) was added copper powder (60.0 g, 937.5 

mmol). The mixture was stirred at reflux for 12 hours under N2 atmosphere. After cooling to 120 , the 

hot solution was filtered through diatomite and washed by DMF (3 Ĭ 40 mL) to remove the excess copper 

powder. The filtrate was then slowly poured into a diluted ammonia solution 1.2 L (containing 300 mL 

conc. NH3ĿH2O) with vigorous stirring. A black solid precipitated and the aqueous layer was decanted. 

The solid was crushed into small pieces and washed with diluted ammonia solution and water 

successively. The desired product SM1 was obtained as a yellow solid after purification by column 

chromatography packed with silica gel using petroleum ether/dichloromethane (3:2, v/v) as eluent. Yield: 

9.83 g (52%, based on 2,3-dichloronitrobenzene). 1H NMR (400 MHz, CDCl3) ŭ (ppm) 8.15 (d, J = 8.2 

Hz, 3H), 7.93 (d, J = 7.6 Hz, 3H), 7.68 (dd, J = 8.0 Hz, 3H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 149.58, 

129.52, 128.33, 128.25, 125.37, 122.39. 

 

The 1H NMR spectrum of compound SM1 in CDCl3 

 

The 13C NMR spectrum of compound SM1 in CDCl3 
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Synthesis of triphenylene-1,5,9-triamine (SM2) 

SM2 was synthesized according to the previously reported procedure.[S15] Activated palladium on carbon 

(10% w/w, 0.60 g) was added to a solution of SM1 (2.0 g, 5.5 mmol) in ethyl acetate (30 mL) and EtOH 

(25 mL) under N2 atmosphere, and the mixture was heated at 80 ÁC. Then N2H4ĿH2O (80%, 10 mL) was 

added dropwisely to the hot solution. After refluxing for 10 hours, the solution was taken off by filtration 

and the solids were washed with ethyl acetate. The filtrate was concentrated under reduced pressure and 

purified by column chromatography packed with silica gel using petroleum ether/ethyl acetate (5:1, v/v) 

as eluent to give SM2 as a yellow solid. Yield: 812 mg (54%, based on SM1). 1H NMR (400 MHz, 

DMSO-d6) ŭ (ppm) 8.21 (d, J = 8.1 Hz, 3H), 7.16 (dd, J = 7.9 Hz, 3H), 6.87 (d, J = 7.8 Hz, 3H), 5.33 (s, 

6H); 13C NMR (100 MHz, DMSO-d6) ŭ (ppm) 145.68, 131.90, 126.11, 117.78, 114.50, 113.51. 

 

The 1H NMR spectrum of compound SM2 in DMSO-d6 

 

The 13C NMR spectrum of compound SM2 in DMSO-d6 
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Synthesis of 1,5,9-Triiodotriphenylene (SM3) 

SM3 was synthesized according to the previously reported procedure.[S16] A suspension of the 

triaminotriphenylene SM2 (4.0 g, 14.6 mmol) in a solution of sulfuric acid (30.0 mL) and water (45 mL) 

was cooled to 0  by an ice bath. A solution of sodium nitrite (4.0 g, 58.5 mmol) in water (40 mL) was 

added dropwisely with stirring. The resulting brown solution was poured into a vigorously stirred 

solution of potassium iodide (38.9 g, 234 mmol) in water (60 mL) in a 2.0 L single-neck conical flask, 

during which foam was generated. After stirring for one hour at room temperature, the reaction was 

heated at 65  by a water bath until the foaming disappeared. The solid was filtered, washed with water 

and dilute sodium thiosulfate solution, successively. The solid was extracted with dichloromethane (1 Ĭ 

500 mL, 2 Ĭ 50 mL), and the insoluble solid was filtered off. The combined organic fraction was washed 

with sodium thiosulfate solution, dried with anhydrous sodium sulfate and filtered. After removal of the 

solvent in vacuum and purification by column chromatography packed with silica gel using petroleum 

ether as eluent, compound SM3 was obtained as a white solid (2.9 g, 33% yield based on SM2). 1H NMR 

(400 MHz, CDCl3) ŭ (ppm) 9.19 (d, J = 8.1 Hz, 3H), 8.23 (d, J = 7.6 Hz, 3H), 7.15 (dd, J = 7.9 Hz, 3H); 

13C NMR (100 MHz, CDCl3) ŭ (ppm) 143.12, 133.00, 132.72, 127.58, 126.32, 90.83. 

 

The 1H NMR spectrum of compound SM3 in CDCl3 

 

The 13C NMR spectrum of compound SM3 in CDCl3 
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Synthesis of trimethyl 4,4',4''-(triphenylene-1,5,9-triyl)tribenzoate (SM4) 

A Schlenk tube was charged with a magnetic stirring bar, 1,5,9-triiodotriphenylene (606 mg, 1.0 mmol), 

tetrakis(triphenylphosphine)palladium (57 mg, 0.05 mmol), (4-(methoxycarbonyl)phenyl)boronic acid 

(1.08 g, 6 mmol) and anhydrous potassium carbonate (552 mg, 4.0 mmol). The Schlenk tube was then 

connected to a vacuum gas manifold and the suspension inside was bubbled with N2 gas for five minutes. 

1,4-dioxane (20 mL, bubbled with N2 gas for five minutes) was injected into the mixture via cannula 

under a positive N2 pressure. The Schlenk tube was then stoppered and stirred at 100  for 24 hours. 

After cooling to room temperature, the reaction mixture was poured into 100 mL of a petroleum 

ether/ethyl acetate mixture (1:1, v/v), filtered through a silica gel plug and rinsed with a petroleum 

ether/ethyl acetate mixture (1:1, v/v). The solvents were then removed on a rotary evaporator and the 

brown residue was purified by silica gel column chromatography using petroleum ether/ethyl acetate 

(5:1, v/v) to provide a light-yellow solid product (452.4 mg, 77% yield based on SM3). 1H NMR (400 

MHz, CDCL3) ŭ (ppm) 8.10 (d, J = 8.3 Hz, 6H), 7.57 (d, J = 7.3 Hz, 3H), 7.46 (d, J = 8.3 Hz, 6H), 7.31 

(d, J = 6.3 Hz, 3H), 7.06 (dd, 3H), 3.97 (s, 9H); 13C NMR (100 MHz, CDCl3) ŭ (ppm) 167.18, 149.88, 

139.03, 131.23, 131.02, 130.39, 129.96, 129.46, 129.35, 128.77, 124.93, 52.31. 

 

The 1H NMR spectrum of compound SM4 in CDCl3 

 

The 13C NMR spectrum of compound SM4 in CDCl3 
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Synthesis of 4,4',4''-(triphenylene-1,5,9-triyl)tribenzoic acid (H3TPTB) 

A suspension of the SM4 (1.2 g, 1.9 mmol) and NaOH (1.6 g, 40 mmol) in EtOH/H2O (20 mL, 1:1 v/v, 

bubbled with N2 gas for 5 minutes) was injected into the mixture via cannula under a positive N2 pressure. 

After being stirred at 85  for 12 hours, the mixture was poured into water (100 mL) and HCl (10%) 

was then added slowly with vigorous stirring. After the pH value of the mixture became lower than 4, 

the precipitate was collected by suction filtration and washed with water extensively to provide white 

solid product (233 mğ85% yield based on SM4). 1H NMR (400 MHz, DMSO-d6) ŭ (ppm) 13.04 (s, 

3H), 8.02 (d, J = 8.2 Hz, 6H), 7.51 (d, J = 8.4 Hz, 3H), 7.48 (d, J = 8.2 Hz, 6H), 7.36 (d, J = 6.9 Hz, 3H), 

7.16 (dd, J = 7.8 Hz, 3H); 13C NMR (100 MHz, DMSO-d6) ŭ (ppm) 167.76, 149.38, 139.32, 131.62, 

131.09, 130.78, 129.82, 129.73, 129.14, 125.63, 39.52. 

 

The 1H NMR spectrum of compound H3TPTB in DMSO-d6 

 

The 13C NMR spectrum of compound H3TPTB in DMSO-d6 
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Preparation of single crystals of Eu-TPTB and Yb-TPTB.  

H3TPTB (10.0 mg, 17.0 ɛmol) and EuCl3Ŀ6H2O (15.0 mg, 33.4 ɛmol) were loaded into a heavy-wall 

glass tube (10 mm OD, 6 mm ID), and then a solution of N,N-dimethylformamide and water (1.3 mL, 

10:3, v/v) was added. The tube was then flame-sealed and heated at 90 ÁC in a programmable oven for 

24 hours followed by cooling (1 ÁC/minute) to room temperature. The resultant single crystals were then 

retrieved by filtration, washed with DMF and acetone for three times to give colorless Eu-TPTB crystal 

suitable for single-crystal X-ray diffraction (9.5 mg, yield 75.8% based on H3TPTB). The Yb-TPTB 

crystal could be obtained by using YbCl3Ŀ6H2O in place of EuCl3Ŀ6H2O under the same conditions (10.5 

mg, yield 81.5% based on H3TPTB). 

Preparation of powder of Eu-TPTB and Yb-TPTB.  

H3TPTB (100.0 mg, 170.0 ɛmol) was dissolved in 10 mL DMF and heated at 90 ÁC for 30 minutes. 

Afterwards, YbCl3Ŀ6H2O (150.0 mg, 334.0 ɛmol) dissolved in 3 mL H2O was added to the above solution 

with stirring. The mixture was heated at 90 ÁC for five hours followed by cooling to room temperature. 

The resultant white suspension was then filtered. The white solid was washed with DMF and acetone to 

give white powder. Eu-TPTB was activated by Soxhlet extraction in acetone solution for two days before 

vacuum drying at 60 ÁC for five hours (102.7 mg, yield 82.0% based on H3TPTB). The Yb-TPTB could 

be obtained by using YbCl3Ŀ6H2O in place of EuCl3Ŀ6H2O under the same conditions. (115.2 mg, yield 

89.4% based on H3TPTB) 

Preparation of thermally annealed Eu-TPTB@PU and Yb-TPTB@PU.  

Since thermally annealed Eu-TPTB/Yb-TPTB has a strong graininess, it easily falls off PU foam in 

aqueous solution. Therefore, polycaprolactone (PCL) was introduced as a binder to bind thermally 

annealed Eu-TPTB/Yb-TPTB to PU foam. The specific operation is as follows: 20 mg thermally 

annealed Eu-TPTB/Yb-TPTB was dispersed in 1 mL PCL solution (5 mg/mL, in dichloromethane), 

ultrasonicated for 10 minutes, and added in dropwise fashion evenly on the PU foam. The composite was 

then placed in an oven at 40 ÁC for five hours. 
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Supporting Figures 

 

Fig. S1. The photographs of Eu-TPTB crystal in natural light (left), and under 365 nm UV light (right); 

scale bar: 100 ɛm. 

 

Fig. S2. The photographs of Yb-TPTB crystal in natural light (left), and under 365 nm UV light (right); 

scale bar: 200 ɛm. 

 

Fig. S3. The TEM images of Eu-TPTB (left) and Yb-TPTB (right); scale bar: 2.5 ɛm. 
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Fig. S4. The PXRD patterns of Eu-TPTB crystal, Eu-TPTB, Yb-TPTB crystal, Yb-TPTB. 

 

Fig. S5. The FT-IR spectra of pristine or thermally annealed Eu-TPTB and Yb-TPTB. 
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Fig. S6. The coordination environments of Eu3+ and Yb3+ centers in Eu-TPTB and Yb-TPTB, 

respectively.  

 

Fig. S7. The BET plots of pristine or thermally annealed Eu-TPTB (top) and Yb-TPTB (down). 
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Fig. S8. The stability test of Eu-TPTB and Yb-TPTB. The PXRD patterns of Eu-TPTB (a) and Yb-

TPTB (b) soaked in water for one week or boiling water for one day; the PXRD patterns of Eu-TPTB 

(c) and Yb-TPTB (d) soaked in different pH solutions for one day; the PXRD patterns of Eu-TPTB (e) 

and Yb-TPTB (f) soaked in common organic solvents for one day.  

 



 

S12 

 

 

Fig. S9. The 1H NMR spectra of the linker decomposed from Yb-TPTB-24 (orange), Eu-TPTB-24 

(green) and the pristine ligand, H3TPTB (blue).  

 

Fig. S10. The photographs of pristine and thermally annealed Eu-TPTB and Yb-TPTB powder, (a) Eu-

TPTB, (b) Eu-TPTB-10, (c) Eu-TPTB-24, (d) Yb-TPTB, (e) Yb-TPTB-10, (f) Yb-TPTB-24.  

 

Fig. S11. The excitation spectra of Yb-TPTB, Yb-TPTB-10, and Yb-TPTB-24 (ʇem = 980 nm). 
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Fig. S12. The ITī1/T curves based on the VT-EPR data of Eu-TPTB-24 (top) and Yb-TPTB-24 (down) 

in solid state; I: EPR intensity; T: temperature (in K). 

 

Fig. S13. The EPR spectra of Eu-TPTB-24 (top) and Yb-TPTB-24 (down) placed in air and boiling 

water. 

 






































