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Figure S1. NBO charge on each adsorption site before protonation in α-PW12. 

a) restricted DFT b) unrestricted DFT  

The same trend of amount of charge change as Fig. 2 was observed in not only close shell systems 

but also open shell systems, indicates this trend of change of Oe and Oc occurs regardless of 

occupation. 

  

-0.73

-0.72

-0.71

-0.70

-0.69

-0.68

34567

Oc
Oe

NB
O

 c
ha

rg
e 

on
 a

ds
or

pt
io

n 
si

te
be

fo
re

 p
ro

to
na

tio
n 

/ e
-

Valence

-0.73

-0.72

-0.71

-0.70

-0.69

-0.68

34567

Oc
Oe

NB
O

 c
ha

rg
e 

on
 a

ds
or

pt
io

n 
si

te
be

fo
re

 p
ro

to
na

tio
n 

/ e
-

Valence

a) b)



 3 

 
Figure S2  4   Box plot of NBO charge change of proton upon protonation in a) β-XMo12 and 

b) β-XW12. The upper and lower whiskers are set as the maximum and minimum values. The plots 

outside the whisker are outliers. 
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Figure S3  Box plot illustrating the relationship between adsorption site and protonation angles, 

angles between X-O and O-H, in a) α-XMo12 and b) α-XW12. The upper and lower whiskers 

represent the maximum and minimum values. Outlying points outside the whisker are considered as 

outliers. 
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Figure S4  NBO orbitals of a) donor level and b) acceptor level for proton adsorption on O12 

site in β-AlMo12. 
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Figure S5  Relationship between stabilization energy and the protonation angles, angles 

between X-O and O-H, in a) α-XMo12 and b) α-XW12. 
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Proton-attractive Proton-repulsive

Pristine model of α-isomer

α-AlMo12

α-BMo12 α-BW12

α-AlW12 α-GaMo12 α-GaW12

α-PMo12 α-PW12 α-AsMo12 α-AsW12

α-SiMo12 α-SiW12 α-GeMo12 α-GeW12
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β-BMo12 β-BW12 β-AlMo12 β-AlW12

α-SMo12 α-SW12 Pristine model of β-isomer

β-SiMo12 β-SiW12 β-GeMo12 β-GeW12

β-GaMo12 β-GaW12
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Figure S6 MEP mappings of α- and β- XM12 except for β-PM12. 

  

β-SMo12 β-SW12

β-AsMo12 β-AsW12
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Figure S7  Correlation between empirical and calculated bond strength values on a) α-XM12 

and b) β-XM12. 
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Figure S8  Correlation between empirical and calculated bond strength values except X=B a) 

on α-XM12 and b) on β-XM12. 
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Figure S9  Absolute error of predicted protonation energy in a) α-XMo12, b) α-XW12, c) β-

XMo12, and d) β-XW12. The width of axis corresponding to absolute error (from 0.0 to 1.8) is 

adjusted to the same as the drawn width of E(Had) in Fig. 8 (from -10.6 to -12.4). 
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Figure S10  Absolute error of predicted HOMO-LUMO gap in a) α-XMo12, b) α-XW12, c) β-

XMo12, and d) β-XW12. The width of axis corresponding to absolute error (from 0.0 to 1.25) is 

adjusted to the same as the drawn width of HOMO-LUMO gap in Fig. 9 (from 3.75 to 5.00). 
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Figure S11  Regression of NBO charges of XO4 core structure in a) α-XMo12, b) α-XW12, c) β-

XMo12, and d) β-XW12. 

We discuss that the valences of POM are derived from charges of XO4 structure in main text. 

Moreover, we evaluate the NBO charges of XO4 structures. The clear relationship between the NBO 

charges and governing factors for various responses suggests that the governing factors strongly 

involve degree of electron transfer from core structure to shell structure. 
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Figure S12  Absolute error of NBO charges of XO4 core structure in a) α-XMo12, b) α-XW12, c) 

β-XMo12, and d) β-XW12. The width of axis corresponding to absolute error (from 0.0 to 3.00) is 

adjusted to the same as the drawn width of NBO charge of XO4 in Fig. S11 (from -3.00 to 0.00). 
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Table S1. Adsorption energies of each adsorption site A) M=Mo, B) M=W. 
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Table S2. Most favorable proton adsorption site using M06/Lanl2DZ level. 

 
  

β-isomerα-isomer
zX

M=WM=MoM=WM=Mo
O23O22eOeOe5B
O23O22eOeOe5Al
O23O22eOeOe5Ga
O22eO22eOeOe4Si
O22eO22eOeOe4Ge
O12O22eOeOe3P
O12O22eOeOe3As
O12O22eOeOe2S
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Table S3. HOMO-LUMO gap comparison of some Keggin POM. 

 
The reported values were referred to [López 2006]. 
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Table S4. List of calculated HOMO-LUMO gaps 

 

  

β-isomer / eVα-isomer / eVComposition
3.803.91BMo12
4.514.59AlMo12
4.534.61GaMo12
4.324.40SiMo12
4.364.43GeMo12
4.164.26PMo12
4.204.28AsMo12
4.024.15SMo12
4.074.30BW12
4.654.89AlW12
4.664.88GaW12
4.514.79SiW12
4.544.78GeW12
4.454.70PW12
4.444.68AsW12
4.394.64SW12
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Table S5. Structural properties of α- and β-XM12 prior to proton adsorption 
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Table S6. Comparison of differential energies of protonation between experimental and 

calculated values. 

 
The protonation energies were compared by differences from that of α-PM12 since equation (1) does 

not include the interaction between a proton and the solvent, acetonitrile, and does not calculate 

correct absolute protonation energies. Considering stability and abundance of each isomer, Gibbs 

energies of α-isomers were used in the cases of no mention of isomer in a reference. These 

comparisons showed that the Gibbs energies of experiment and calculation are almost confident.  
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