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Figure S1. NBO charge on each adsorption site before protonation in a-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 O. and O. occurs regardless of

occupation.
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Figure S2 4 Box plot of NBO charge change of proton upon protonation in a) f-XMo12 and
b) B-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) a-XMoi2 and b) a-XWi,. The upper and lower whiskers

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

outliers.



Figure S4 NBO orbitals of a) donor level and b) acceptor level for proton adsorption on Oz
site in f-AlMor2.
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Figure S5 Relationship between stabilization energy and the protonation angles, angles
between X-O and O-H, in a) a-XMo12 and b) a-XWi,.
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Figure S6 MEP mappings of a- and - XM except for p-PM;..
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Figure S9 Absolute error of predicted protonation energy in a) a-XMo12, b) a-XWi3, ¢) B-

XMoiz, and d) B-XWi2. 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(Haq) in Fig. 8 (from -10.6 to -12.4).
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Figure S11 Regression of NBO charges of XOy core structure in a) a-XMo12, b) a-XWy,, ¢) B-
XMo12, and d) B-XW]Z.

We discuss that the valences of POM are derived from charges of XO4 structure in main text.
Moreover, we evaluate the NBO charges of XOj 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) a-XMo12, b) 0-XWi3, ¢)
B-XMo12, and d) B-XWi,. 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.

A)
X 5 a-isomer (V) B-isomer (eV)
H'onO., H'onO. HonO;; H onOp H onOspe H onOyp H on0Oyy H onOg
5 -12.074 -12.134 -12.136 -12.213 -12.212 -11.978 -12.180 -12.144
Al 5 -12.151 -12.186 -12.192 -12.267 -12.219 -12.059 -12.232 -12.157
Ga 5 -12.178 -12.214 -12.217 -12.273 -12.226 -12.073 -12.254 -12.158
Si 4 -11.795 -11.796 -11.798 -11.927 -11.879 -11.679 -11.826 -11.847
Ge 4 -11.824 -11.834 -11.833 -11.947 -11.891 -11.708 -11.859 -11.857
P 3 -11.471 -11.423 -11.501 -11.598 -11.532 -11.340 -11.544 -11.545
As 3 -11.500 -11.465 -11.487 -11.615 -11.546 -11.370 -11.489 -11.556
S 2 -11.185 -11.128 -11.211 -11.293 -11.206 -11.034 -11.238 -11.256
B)
X 5 a-isomer (eV) B-isomer (eV)
H'onO, H'onO. HonOy; HonOp H onOm H onOym H onOs; H on O
5 -11.961 -11.972 -11.958 -12.009 -12.039 -11.726 -11.955 -11.961
Al 5 -12.017 -12.056 -12.043 -12.088 -12.097 -11.832 -12.051 -12.026
Ga 5 -12.034 -12.095 -12.073 -12.102 -12.111 -11.852 -12.089 -12.037
Si 4 -11.650 -11.664 -11.649 -11.708 -11.680 -11.431 -11.635 -11.673
Ge 4 -11.671 -11.675 -11.679 -11.740 -11.726 -11.470 -11.685 -11.698
P 3 -11.303 -11.284 -11.302 -11.360 -11.320 -11.068 -11.288 -11.335
As 3 -11.357 -11.354 -11.317 -11.389 -11.349 -11.110 -11.324 -11.359
S 2 -10.979 -10.957 -10.969 -11.038 -10.991 -10.742 -10.987 -11.017
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Table S2. Most favorable proton adsorption site using M06/Lanl2DZ level.

X , a-isomer B-isomer
M=Mo M=W M=Mo M=W
B 5 O, O O22e O2;
Al 5 O, O, O, Oy,
Ga 5 O, O, Osoe O,
Si 4 O O Oy2e Oy2e
Ge 4 O, O, Oz O
P 3 Oe Oe O22e O12
As 3 O, O, O, O,
S 2 Oe Oe O22e C)12
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Table S3. HOMO-LUMUO gap comparison of some Keggin POM.

c " Experimental Calculated Reported of
omposiion value / eV value / eV value / eV reference
. - - [Gao 2015]
- 14 5 T -
a-PW;, 3. 47 27 [Hiskia 2001]
a-SiW;, 44 43 28 [Hiskia 2001]
a-PMo;, 39 48 . [Hiskia 2001]

The reported values were referred to [Lopez 2006].

18



Table S4. List of calculated HOMO-LUMO gaps

Composition  a-isomer /eV  [B-isomer/ eV

BMo,, 3.91 3.80
AlMo,, 4.59 4.51
GaMo,, 4.61 4.53
SiMo,, 4.40 4.32
GeMo,, 4.43 4.36
PMo,, 4.26 4.16
AsMo,, 4.28 4.20
SMo,, 4.15 4.02
BW,, 4.30 4.07
AW, 4.89 4.65
GaWw,, 4.88 4.66
SiW,, 4.79 4.51
GeW,, 4.78 4.54
PW.,, 4.70 4.45
AsW ., 4.68 4.44

SW,, 4.64 4.39
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Table SS. Structural properties of a- and f-XM12 prior to proton adsorption
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Table S6. Comparison of differential energies of protonation between experimental and

calculated values.

Composition log(m)

AG from o-PM;,
(experimental) / eV

AG from o-PM;,

& xM, |H] (calculated) / €V

reference

p-PWi,
SMos,

GCMO] 2
GeWy,
BW;,

—

[ SIS

O
o0

._.
s

S
N O

[Ueda 2017]

[Himeno 2005]
[Himeno 2005]
[Himeno 2005]
[Himeno 2005]

The protonation energies were compared by differences from that of a-PM;, 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 o-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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