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Fig. S1. Spin populations on the Co center and the O2 moiety, spin density and electron 

configurations for each spin state from CASSCF calculations with different choices of active spaces 

for complex Co(II)(BDPP) at the Co-O2 bond length of 4.50 Å, only Co center and atoms of the 

first coordination-shell are shown for clarity.

Fig. S1. Spin populations on the Co center and the O2 moiety, spin density and electron 

configurations for each spin state from CASSCF calculations with different choices of active spaces 



for complex Co(II)(BDPP) at the Co-O2 bond length of 1.91 Å, only Co center and atoms of the 

first coordination-shell are shown for clarity.

Fig. S3. DFT energy variation for the reaction of Fe(II)(BDPP) with O2 on the septet potential 
energy surface as a function of the Fe−O2 bond distance



Fig. S4. DFT energy variation for the reaction of Co(II)(BDPP) with O2 on the doublet potential 
energy surface as a function of the Co−O2 bond distance



Fig. S5. (top) CASSCF(12,9)/NEVPT2 energy variation for the triplet reaction of Fe(II)(BDPP) 

with O2 as a function of the Fe−O2 bond distance; dot lines denote diabatic potential curves (azure 

line denotes an  = 1 FeII-O2 complex, interpreted as an  = 2 FeII center antiferromagnetically 𝑆𝑡 𝑆𝐹𝑒

coupled (AFC) with an  = 1 O2 ligand; olive line denotes an  = 1 FeIII-  complex, interpreted 
𝑆𝑂2 𝑆𝑡 𝑂 ‒∙
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as an  =  FeIII center antiferromagnetically coupled (AFC) with an  =   ligand); 𝑆𝐹𝑒
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(bottom) spin density and Löwdin spin populations on Fe center and O2 unit calculated for 

complexes 3A (Fe(II)(BDPP) + O2), 3B, and 31 on the reaction trajectory are shown at the bottom 

and Mulliken spin populations featuring the same results are listed in parentheses, yellow and red 

denote negative and positive spin density, respectively, and local spin populations were also listed 

in Table S4; ligand atoms are omitted for clarity.



The binding of O2 to Fe(II)(BDPP) on  = 1 potential surface also features two diabatic potential 𝑆𝑡

curves. One curve (azure line), described as a high spin Fe(II) center (SFe = 2) antiferromagnetically 

coupled with a triplet O2 ligand (  = 1) (vide infra), rises in energy as the Fe-O2 length declines 
𝑆𝑂2

from 4.00 Å to 2.20 Å, the other one (olive line), interpreted as a quartet Fe(III) center (SFe = ) 
3
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antiferromagnetically coupled with a doublet superoxo ligand (  = ) (For more details, see 
𝑆
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2

1
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below), decreases ranging from the Fe-O2 length of 2.30 Å to 2.06 Å and increases for further 

reduction of the Fe-O2 length, thus featuring a local minimal around 2.06 Å, which is 30.2 kcal/mol 

higher than complex 3A in energy.

Complex 3A with a Fe-O2 bond length of 4.00 Å maintains a triplet ground state with a leading 

electron configuration of  which occupies 94%. As 
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demonstrated in Fig. S5, a double-layer donut-shaped spin density for the O2 ligand and a nearly 

spherical spin density for the Fe(II) center suggest that spin populations are concentrated on a high 

spin Fe(II) center and  and  MOs. Specifically, a high spin Fe(II) center is 𝜋 ∗
𝑖𝑝 𝜋 ∗

𝑜𝑝

antiferromagnetically coupled to a triplet O2 ligand. Therefore, following the same procedure, the 

electronic structure of complex 3A could be evaluated as . 
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This wavefunction yields the expectation values of Sz for Fe(II) center and O2 ligand of  and , 
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respectively. The computed spin populations on Fe(II) center and O2 ligand are 2.89 and -1.00, 

respectively, which are twice the expectation values of Sz for Fe(II) center and O2 ligand, 

respectively, and confirm this wavefunction.

As depicted in Fig. S5, 31 converges to a triplet state featuring noteworthy multireference character 

with a series of electron configurations of  which account 
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for 30%,  which makes up 39%, and 
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 which occupies 27%. The last two terms show a 
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remarkable chemical bonding interaction between  and MO . Again, the spin density on the 𝑑𝑥𝑧 𝜋 ∗
𝑜𝑝

O2 ligand suggests negative spin is located on , indicating the formation of a doublet superoxo 𝜋 ∗
𝑜𝑝

ligand; the less spherical spin density for Fe(III) center compared to that for complex 71, indicates 

the formation of an intermediate spin Fe(III) center. As such, the electronic structure of complex 31 

could be evaluated as a quartet Fe(III) center (SFe = ) antiferromagnetically coupled with a 
3
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superoxo ligand (  = ) via a wavefunction of  for complex 31. This 
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wavefunction features the expectation values of Sz for Fe(III) center and O2 ligand of  and , 
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respectively. The computed spin populations for Fe(III) center and O2 ligand are 2.45 and -0.49, 

respectively, indicating that the coupling wavefunction is appropriate for interpreting the electronic 

structure of complex 31.

For the O2 ligand binding to Fe(II)(BDPP), as the Fe-O2 distance decreases from 4.00 Å to 2.20 Å 

(azure line), the wavefunction shows strong multireference character with a series of electron 

configurations of , 
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, and . The last 
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two terms show significant chemical bonding interaction between  and . During this 𝜋 ∗
𝑖𝑝

𝑑
𝑥2 ‒ 𝑦2

process, the weights of the last two increase (0%→33% and 0%→17%) and the weight of the first 

one decreases (94%→37%). Starting from the Fe-O2 bond length of 2.30 Å (olive line), the 

wavefunction remains the same as that of complex 31. To accomplish the transformation of complex 
3A to complex 31, an electron is shifted from the Fe(II) center to the O2 ligand concurrent with an 

electronic-structure rearrangement of the Fe(III) center.



Fig. S6. (top) CASSCF(13,9)/NEVPT2 energy variation for the reaction of Co(II)(BDPP) with O2 

as a function of the Co−O2 bond distance; dot lines denote diabatic potential curves (violet line 

denotes an  =  CoII-O2 complex, interpreted as an  =  CoII center ferromagnetically coupled 𝑆𝑡

5
2 𝑆𝐶𝑜

3
2

(FC) with an  = 1 O2 ligand; blue line denotes an  =  CoIII-  complex, interpreted as an 
𝑆𝑂2 𝑆𝑡
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 = 2 CoIII center ferromagnetically coupled (FC) with an  =   ligand); (bottom) spin 𝑆𝐶𝑜
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density and Löwdin spin populations on Fe center and O2 unit calculated for complexes 6C 

(Co(II)(BDPP) + O2), 6D, and 62 on the reaction trajectory are shown at the bottom and Mulliken 

spin populations featuring the same results are listed in parentheses, yellow and red denote negative 

and positive spin density, respectively, and local spin populations were also listed in Table S5; 

ligand atoms are omitted for clarity.



Depicted in Fig. S6 is CASSCF(13,9) potential energy surface of O2 binding on complex 

Co(II)(BDPP) in  =  state. Starting points 6C having a Co-O2 distance of 4.00 Å features a leading 𝑆𝑡
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electron configuration of  accounting for 87% of the 
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wavefunction. Therefore, its electronic structure is best characterized as a high spin Co(II) center (

 = ) ferromagnetically coupled to a triplet O2 ligand (  = 1) affording an overall  =  state, 𝑆𝐶𝑜
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in line with the computed spin density shown in Fig. S6. Furthermore, the estimated spin 

populations on the Co(II) center and the O2 unit being 2.85 and 1.99, respectively, confirm this 

electronic-structure description. And complex 62 also maintains a sole electron configuration of 

 (100%) interpreted as a high spin Co(III) center 
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ferromagnetically coupled to a doublet  ligand (  = ) which is also confirmed by the 𝑂 ‒∙
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computed spin populations on Fe(III) center and O2 ligand (3.66 for Fe(III) center and 1.03 for 

 ligand). Furthermore, complex 62 is 41.2 kcal/mol higher than complex 6C in energy.𝑂 ‒∙
2

For the O2 binding process to afford 62, as the Co-O2 distance contracts from 4.00 Å to 2.30 Å 

(violet curve), the weight of the main electron configuration of 

 keeps constant and no multireference character is 
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observed. Moreover, the spin density and spin populations computed for 6D are nearly identical to 

those for 6C, demonstrating that the electronic structure of 6D is nearly identical to that of 6C. 

Comparison of the electronic structures of complexes 6C and 62 suggests that, as the Co-O2 bond 

length further descends, one β electron in the Co  orbital migrates into O2  to furnish 62.𝑑𝑦𝑧 𝜋 ∗
𝑖𝑝



Fig. S7. CASSCF(13,9)/NEVPT2 energy variation for the binding of O2 to Co(II)(BDPP) on  = 𝑆𝑡

 potential surface as a function of the Co−O2 bond distance; dot lines donate diabatic potential 
3
2

curves (azure line donates a quartet CoII-O2 complex, interpreted as a quartet CoII ferrimagnetically 

coupled with a triplet O2 ligand; olive line donates a quartet CoIII-  complex, interpreted as a 𝑂 ∙‒
2

quartet CoIII antiferromagnetically coupled (AFC) with a doublet  ligand); (bottom) spin density 𝑂 ∙‒
2

and Löwdin spin populations on Fe center and O2 unit calculated for complexes 4C (Co(II)(BDPP) 

+ O2), 4D, and 42 on the reaction trajectory are shown at the bottom and Mulliken spin populations 

featuring the same results are listed in parentheses, yellow and red denote negative and positive spin 

density, respectively, and local spin populations were also listed in Table S5; ligand atoms are 

omitted for clarity.



As demonstrated in Fig. S7, the reaction of O2 with Co(II)(BDPP) on  =  potential surface also 𝑆𝑡

3
2

maintains two diabatic  =  potential curves, whereas the azure line donates a quartet Co(II) 𝑆𝑡

3
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compound magnetically coupled to a triplet O2 ligand to yield an overall St =  ground state (see 
3
2

below for details), and the olive line represents a quintet Co(III) compound antiferromagnetically 

coupled with a doublet superoxo ligand (vide infra). The azure line is energetically uphill as the Co-

O2 distance declines from 4.00 Å to 2.30 Å, while the olive line initially decreases in energy ranging 

from the Co-O2 distance of 2.50 Å to 2.00 Å, and rises again for further reduction of the Co-O2 

distance, thereby affording a local minimal around the Co-O2 distance of 2.00 Å, which is 41.7 

kcal/mol higher than reactant complex 4C in energy.

Reactant complex 4C with a Co-O2 bond length of 4.00 Å, features a quartet ground state with a 

leading electron configuration of  which makes up 82%. 
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Following the same procedure, as depicted in Fig. S7, the spin density for complex 4C is similar to 

that for complex 6C but features a smaller size, which suggests a high spin Co(II) compound 

magnetically coupled with a triplet O2 ligand to yield an overall St =  ground state. Thus, following 
3
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the same procedure, this quartet state could be described by  which gives �|32,32 �⟩= 3
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the expectation values of Sz of  and  for the Co(II) center and the O2 ligand, respectively. Thus, 
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the computed spin populations confirm that this wavefunction could accurately describe the 

electronic structure of complex 4C. 

As shown in Fig. S7, the spin density on the O2 ligand for complex 42 indicates negative spin is 

located on , while the more spherical spin density located on Co center compared to those for 𝜋 ∗
𝑜𝑝

complexes 4C and 4D, suggests a high spin Co(III) center for complex 42. As such, complex 42 is 

better described as a high spin Co(III) center antiferromagnetically coupled with a superoxo ligand, 

which could be evaluated as . This wavefunction yields the expectation �|32,32 �⟩= 4
5 �|2, ‒ 12 �⟩ ‒

1
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values of Sz of  and  for a high spin Co(III) center and a superoxo ligand, respectively. The 
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computed spin populations of a high spin Co(II) center and a superoxo ligand (3.28 for high spin 

Co(III) center and -0.52 for superoxo ligand) are in line with the theoretical analyses, indicating that 

this wavefunction is suitable for describing the electronic structure of complex 42.

Regarding the binding process, as O2 approaches Co(II)(BDPP) from 4.00 Å to 2.30 Å (azure line), 

the wavefunction exhibits multireference character, whereas the wavefunction of complex 4D could 

be evaluated by a series of electron configurations of  
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which accounts for 32%,  which makes up 32%, and 
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 which occupies 16%. The last two configurations 
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demonstrate strong chemical bonding interaction between  and  MOs. Spin density for 𝜋 ∗
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𝑑
𝑧2
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, indicating the preparation for electron transfer from the Co(II) center to the O2 ligand. Starting 𝜋 ∗
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from the Co-O2 distance of 2.50 Å, 42 could converge to another quartet wavefunction (olive line) 

with a leading electron configuration of  which accounts 
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for 95%. To finish the conversion of complexes 4C to 42, one electron is shifted from the Co(II) 

center to the O2 ligand in combination with a fast reorganization of the electronic structure of the 

Co(III) center.

Table S1. Configuration and weights for complex 2 at the Co-O2 bond length of 1.91 Å with 
distinct basis sets from CASSCF(13,9)/NEVPT2 calculations.

configuration def2-SV def2-SVP def2-TZVP def2-TZVPP
doublet 222222100 0.94339 0.94662 0.94776 0.94806
quartet 222211111 0.93259 0.94809 0.95315 0.95391
sextuplet 222211111 0.99084 0.94809 0.99600 0.99660

Table S2. Configuration and weights for complex 2 at the Co-O2 bond length of 4.50 Å with 
distinct basis sets from CASSCF(13,9)/NEVPT2 calculations.

configuration def2-SV def2-SVP def2-TZVP def2-TZVPP
doublet 222222100 0.86253 0.87038 0.86511 0.85727
quartet 222211111 0.86430 0.87296 0.87059 0.86718
sextet 222211111 0.86721 0.87729 0.87968 0.88363

Table S3. Configuration and weights for complex 2 at the Co-O2 bond length of 2.50 Å with 
distinct basis sets from CASSCF(13,9)/NEVPT2 calculations.

configuration def2-SV def2-SVP def2-TZVP def2-TZVPP
doublet 222222100 0.86253 0.87038 0.86511 0.85727
quartet 222211111 0.86430 0.87296 0.87059 0.86718
sextet 222211111 0.86721 0.87729 0.87968 0.88363

Table S4. Local spin populations for Fe center and O2 ligand from CASSCF(12,9)/NEVPT2 
calculations.

3A 3B 31 5A 5B 51 7A 7B 71
Fe 2.79 2.76 2.37 3.10 3.09 4.30 3.72 3.73 4.62



O2 -0.98 -0.93 -0.46 0.66 0.65 -0.59 1.97 1.93 0.99

Table S5. Local spin populations for Co center and O2 ligand from CASSCF(13,9)/NEVPT2 
calculations.

2C 2D 22 4C 4D 42 6C 6D 62
Co 1.56 1.52 0.01 2.03 2.02 3.23 2.77 2.76 3.60
O2 -0.66 -0.62 0.92 0.79 0.76 -0.50 1.97 1.91 0.97

Table S6. Löwdin spin populations for Fe center and O2 ligand from DFT calculations.
3A 3B 31 5A 5B 51 7A 7B 71

Fe 3.62 3.24 3.08 1.90 3.20 4.09 3.62 4.01 4.10
O2 -1.99 -1.50 -1.31 1.99 0.56 -0.78 2.00 1.33 1.20

Table S7. Mulliken spin populations for Fe center and O2 ligand from DFT calculations.
3A 3B 31 5A 5B 51 7A 7B 71

Fe 3.71 3.34 3.18 1.93 3.29 4.15 3.71 4.08 4.16
O2 -2.00 -1.52 -1.33 2.00 0.55 -0.79 2.00 1.33 1.20

Table S8. Löwdin spin populations for Co center and O2 ligand from DFT calculations.
2C 2D 22 4C 4D 42 6C 6D 62

Co 2.59 1.67 -0.02 0.93 1.61 1.82 2.59 2.83 3.03
O2 -1.99 -0.80 1.00 1.99 1.16 0.85 1.99 1.46 1.13

Table S9. Mulliken spin populations for Co center and O2 ligand from DFT calculations.
2C 2D 22 4C 4D 42 6C 6D 62

Co 2.62 1.69 -0.03 0.94 1.63 1.84 2.62 2.83 3.00
O2 -1.99 -0.90 1.01 1.99 1.18 0.85 1.99 1.46 1.14

Table S10. Energy variations for the reaction of O2 with complex Co(II)(BDPP) from CASSCF 
and CASSCF/NEVPT2 calculations (kcal/mol).

S = 

1
2 S = 

3
2 S = 

5
2Co-O (Å)

CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
1.8 84.0 9.6 75.6 42.2 78.7 49.3
1.8 82.0 7.5 73.0 40.4 75.4 46.1
1.9 81.1 5.9 71.7 41.4 72.4 43.3
1.9 81.5 5.8 70.5 41.2 70.3 40.9
2.0 83.6 7.7 70.0 40.4 69.6 39.7
2.1 87.2 10.0 71.5 40.5 71.1 39.7
2.2 91.5 14.2 73.8 42.3 73.5 41.6
2.3 55.0 18.2 55.8 30.1 57.6 33.3
2.4 42.5 22.2 43.0 23.2 44.2 25.3
2.5 42.9 22.6 43.3 23.4 44.2 24.9



2.6 40.6 21.4 41.0 22.0 41.6 23.1
2.8 28.5 14.2 28.6 14.5 28.9 15.0
3.0 16.4 7.7 16.5 7.9 16.7 8.1
3.3 9.0 4.3 9.0 4.3 9.1 4.4
3.6 5.0 2.7 5.1 2.8 5.1 2.8
4.0 0.0 0.0 0.0 0.0 0.0 0.0
4.5 1.1 0.4 1.1 0.4 1.1 0.4

Table S11. Table S3. Energy variations for the reaction of O2 with complex Fe(II)(BDPP) from 
CASSCF and CASSCF/NEVPT2 calculations (kcal/mol).

S = 1 S = 2 S = 3
Fe-O (Å)

CASSCF NEVPT2 CASSCF NEVPT2 CASSCF NEVPT2
2.0 77.0 29.6 20.0 6.3 21.2 8.8 
2.1 79.3 28.9 21.3 4.8 22.2 6.9 
2.1 80.6 30.3 22.2 5.8 23.0 7.5 
2.2 31.8 13.6 26.2 10.6 26.7 11.7 
2.3 26.5 10.4 27.0 11.4 28.2 12.8 
2.4 20.9 7.5 21.3 8.2 22.0 9.4 
2.5 16.0 5.0 16.2 5.4 16.7 6.1 
2.6 12.0 2.6 12.2 2.9 12.5 3.3 
2.8 6.7 0.6 6.8 0.7 6.9 0.9 
3.0 3.9 -0.4 4.0 -0.3 4.0 -0.2 
3.3 1.6 -0.7 1.6 -0.7 1.6 -0.6 
3.6 0.7 -0.4 0.7 -0.4 0.7 -0.4 
4.0 0.0 0.0 0.0 0.0 0.0 0.0 


