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Quantum Chemical Calculation

All the quantum chemical calculations were implemented by the density 

functional theory (DFT) with long-range M06-2Xexchange-correlation functionalS1 

and 6-31G(d) basis set,S2 TS geometrical optimizations were performed by using the 

Berny algorithm. All the methods are integrated in Gaussian 09 D.01 program.S3

The geometrical and electronic structures of ligands aip and aipm were calculated 

first (Figure S19). It was found that the dihedral angle α between the 

imidazole-phenanthroline moiety and the anthracene moiety in aipm (α=62°) is 

significantly bigger than that in aip (α=52°). In addition, the middle benzene rings in 

the anthracene moieties from ligands aip and aipm show small difference in Mulliken 

charge (-0.01 e in aip and -0.04 e in aipm). These differences are mainly due to the 

different substituent group R1 between aip and aipm (R1 = H in aip while R1 = CH3 in 

aipm). 

Subsequently, the structures of the adsorption products of O2@aip-P and 

O2@aipm-P were optimized (Figure S20). Considering that the photo-oxidation 
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products of aip and aipm have the structures of endoperxide with bridging singlet 

oxygen (1O2) on the middle benzene ring of the anthracene moiety (a triplet sensitizer), 

flexible scanning optimizations were carried out by stretching O2 away from the 

middle benzene ring of the anthracene moiety in either aip or aipm (0.1 Å for each 

step). The structures with maximal total energies along this stretching pathway could 

be picked out as initial structures. Finally, the transition state (TS) structures were 

optimized with the picked out initial structures. Figure S20 shows the two possible 

pathways for O2 adsorbing on the middle benzene rings of the anthracene moieties 

from aip and aipm, in which R denotes reactant, P for product and TS for transition 

state. Side1 represents the adsorbed O2 and the substituent R1 = H or CH3 at the same 

side of anthracene moiety, and side2 represents the case at different side.

Intrinsic reaction coordinate (IRC) was proposed by Fukui in 1970 as a path of 

chemical reactions,S4 with the mass-weighted steepest descent path on the potential 

energy surface (PES). The imaginary frequency and IRC were examined to confirm 

the TS structures. In calculation, the step size of IRC path is the default 0.1 bohr, and 

the total step numbers are 50 points. By this reverse simulation, the hardly confirmed 

reactants of O2@aip-R and O2@aipm-R could be reasonably found out. Based on the 

first structures of IRC, the reactants could be obtained by triplet state optimizations 

(Figure S20). As a consequence, the activation energies (ETS-R = ETS - ER) could be 

figured out (Table S2). Subsequently, the reaction rate constant were calculated to 

further describe the influence of substituent groups R1 = H and CH3 of aip and aipm 

during the O2 adsorption process. The reaction rate constant were calculated by using 

the Arrhenius approach (see the below equation S1. A: a constant for the frequency of 

particle collisions, E: the activation energy of the reaction, R: the universal gas 

constant, and T: the absolute temperature.). In the case of this adsorption process, A is 

regarded as the same values here for O2@aip and O2@aipm with R = 8.314 

J·mol-1·K-1 and T = 300 K.

k = Ae-E/RT  (Equation S1)

Based on the energy analyses, the four possible reaction pathways are feasible 

(Figure S20). However, the chemical reaction kinetics determines the final reaction 

https://www.thoughtco.com/arrhenius-equation-4138629
https://www.thoughtco.com/activation-energy-definition-ea-606348
https://www.thoughtco.com/definition-of-absolute-temperature-604354
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rate. According to the Arrhenius approach (equation S1), the reaction rate constant of 

O2@aip-side1 (k1) is significantly higher than the corresponding reaction rate 

constants of @aipm-side1 (k2), O2@aip-side2 (k3) and O2@aipm-side2 (k4), obtaining 

k1/k2 = 49.1, k1/k3 = 1.5×105 and k1/k4 =1.6×105. These ratios indicate that the side2 

adsorption is hardly feasible. The calculation details are showed as follows.

The ratio of reaction rate constants (k1/k2): 

1.49894.3K300KmolJ314.8
Ha)0611.00574.0(
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The ratio of reaction rate constants (k1/k3):

5895.11K300KmolJ314.8
Ha)0687.00574.0(
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The ratio of reaction rate constants (k1/k4): 

5000.12K300KmolJ314.8
Ha)0688.00574.0(
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Table S1 The UV absorption bands of compounds 1, 2, pbtH, aip and aipm in CH2Cl2 

at room temperature.

Compound                   abs (nm)
1                  257, 281, 291, 311, 324, 350, 368, 387 and a tail towards 470  
2                  256, 295, 311, 324, 351, 370, 389 and a tail towards 470
pbtH a broad peak in range 263-340
aip 256, 280, 293, 350, 368, 388
aipm 256, 284, 350, 368, 388

Table S2 The calculated total energies of reactants, transition states, and products of 

O2@aip and O2@aipm with O2 adsorbed at side1 and side2. Based on the total 

energies, the activation energies (ETS-R = ETS - ER) and reaction energies (EP-R= EP - ER) 

are also figured out and showed in this table. At the thermodynamic point of view, 

negative reaction energy EP-R means that the reaction is feasible, however, the reaction 

rate mainly depends on the activation energy ETS-R.

Energy
(Hartree)

Molecules

Reactant
（R)

Transition 
State (TS)

Product
(P)

ETS-R EP-R

O2@aip-side1 -1407.3346 -1407.2773 -1407.3502 0.0574 -0.0155

O2@aipm-side1 -1446.6253 -1446.5642 -1446.6363 0.0611 -0.0110

O2@aip-side2 -1407.3337 -1407.2649 -1407.3390 0.0687 -0.0053

O2@aipm-side2 -1446.6246 -1446.5558 -1446.6293 0.0688 -0.0047
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Scheme S1 The [4 + 4] photodimerization reaction (left) and photo-oxidation 
reaction (right) for anthracene-based compounds.

Scheme S2 The photo-oxidation behaviors of aip (top) and complex 1 (bottom).

Scheme S3 The distributions and energy levels of the highest occupied and lowest 

unoccupied molecular orbitals (HOMO and LUMO) for free aip ligand and complex 

1.
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Figure S1. The 1H NMR spectrum of complex [Ir(dfppy)2(aip)]PF6 (400 MHz, 

CD3CN). 

Figure S2. The 1H NMR spectrum of complex [Ir(ppy)2(aip)]PF6 (400 MHz, CDCl3). 
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Figure S3. The 1H NMR spectral changes of complex [Ir(dfppy)2(aip)]PF6 (400 MHz, 

CD3CN) upon irradiation with 365 nm light. 

Figure S4. The 1H NMR spectral changes of complex [Ir(ppy)2(aip)]PF6 (400 MHz, 

CDCl3) upon irradiation with 365 nm light.
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Figure S5. UV-vis absorption spectra of 1, 2, pbtH, aip and aipm in CH2Cl2 (c = 1  

10-5 M).  

Figure S6. UV-vis absorption spectral changes of complex 1 in CH2Cl2 (c = 1  10-5 

M) upon irradiation with 365 nm light.
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Figure S7. UV-vis absorption spectra of complex 2 in CH2Cl2 (c = 1  10-5 M) after 

irradiation with 365 nm light for different time.

Figure S8. 1H NMR spectrum of complex 1 (400 MHz, CDCl3). 
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Figure S9. 1H NMR spectrum of complex 1 (400 MHz, CDCl3) after three-hour 

irradiation with 365 nm light, showing the peaks (ppm) at 5.72-5.78 (m, 2H), 6.45 (t, 

J = 4.4, 2H), 6.76 (t, J = 6.0 Hz, 1H), 6.86-6.95 (m, 4H), 7.08-7.23 (m, 4H), 7.41 (t, J 

= 6.0, 1H), 7.46 (t, J = 6.0, 1H), 7.56-7.62 (m, 3H), 7.72-7.87 (m, 6H), 8.16 (s, 1H), 

8.23-8.29 (m, 4H), 8.85 (d, J = 3.2 Hz, 1H), and 9.76 (d, J = 3.2 Hz, 1H) [5.72-7.23 

ppm and 7.41-9.76 ppm: total 31H from two pbt units and one aip ligand]. 
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Figure S10. 1H NMR spectrum of compound aipm (400 MHz, CDCl3). 

Figure S11. 1H NMR spectrum of complex 2 (400 MHz, CDCl3). 



12

Figure S12. Electrospray (ES) mass spectrometry of 1 in CH2Cl2-CH3OH solution. 

Figure S13. Electrospray (ES) mass spectrometry of complex 1 after undergoing 

photo-oxidation reaction in CH2Cl2.
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Figure S14. Electrospray (ES) mass spectrometry of 2 in CH2Cl2-CH3OH solution.  

Figure S15. Electrospray (ES) mass spectrometry of 2 after five-hour irradiation with 

365 nm light.
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Figure S16. The 1H NMR spectra of 2 (400 MHz, CDCl3) after irradiation with 365 

nm light for different time.

Figure S17. Electrospray (ES) mass spectrometry of aipm.
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Figure S18. Electrospray (ES) mass spectrometry of aipm after irradiation with 365 

nm light.

Figure S19. The optimized structures of aip and aipm, with the dihedral angle α 

between the imidazole-phenanthroline moiety and the anthracene moiety, and the 

Mulliken charge of the middle benzene ring in the anthracene moiety.
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Figure S20. (a) Optimized structures of the reactants (R) and products (P) of O2@aip 

and O2@aipm adsorption models; (b) One of the possible intrinsic reaction coordinate 

pathway of the two adsorption models. The reactant and product are re-optimized to 

get their minimal total energies, and the transition state (TS) is the point when IRC 

equals 0.

Figure S21 Luminescence spectra of compounds aip, aipm and pbtH in CH2Cl2 at 

room temperature.
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Figure S22 Luminescence spectral changes of 1 in CH2Cl2 upon irradiation with 365 

nm light (c = 1  10-4 M, ex = 397 nm).

Figure S23 Luminescence spectral changes of 2 in CH2Cl2 upon irradiation with 365 

nm light (c = 1  10-4 M, ex = 397 nm).
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Figure S24 Left: IR spectra of complex 1 before and after irradiation with 365 nm 

light. Right: the luminescence photographs of KBr disk containing complex 1 before 

and after irradiation.  


