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In this section are the coordinates for the DFT-optimized structures of the three heteroatom analogs.
For a given analog, the final coordinates of the anions are also provided. Structural information for the
Als3 analog can be found in: DOI: 10.1021/acs.inorgchem.7b01803, “Systematic Study of Aluminum
Nanoclusters and Anion Adsorbates”, Bennett et al., Inorganic Chemistry, 2017, 56, 21, 13014-13028.

S1.1 GeAl;; Final Structure in XYZ Coordinates
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GeAl;; Anion XYZ Coordinates
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S$1.2 GaAlj; Final Structure in XYZ Coordinates
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S$2. Mulliken Charge Analysis

Change in Mulliken Charge (Agm) in e
Anion GaAly, Alys GeAln
cr 0.24 0.21 0.26
NOs 0.20 0.16 0.22
SeO,> | 0.34 0.35 0.42
SO.> 0.40 0.39 0.66
POs> 1.19 1.23 1.24

S3. Explicit Water Comparison

In the manuscript we employ implicit solvent (COSMO) to probe trends in Keggin adsorption reactivity
using a set of test adsorbates that are present in the environment, during synthesis conditions, and
ultimately found in isolable crystal structures. The implicit solvent model can be thought of as providing
a screening charge limit, and we use this to delineate trends in adsorption reactivity that we can relate
back to measurable properties and/or changes in the chemical environment. To connect better to
experiment we can add explicit water to our DFT simulations and compare how the addition of explicit
water will affect the properties presented in the manuscript. Here, we test how shielding by explicit
water molecules influences electron sharing and the resulting structure, with a specific focus on the w,0-
Al, bond elongation to form a metastable intermediate.

A geometry optimization calculation, using the methods described in the manuscript, was performed on
the Aliz Keggin interacting with a SO4 anion, where four explicit water molecules are surrounding the
anion. The water molecules were initialized at equivalent distances relative to the anion, approximately
3 A from the oxyanion. After structural optimization, three water molecules rotated closer to SO.%,
where one of the hydrogen atoms partakes in a hydrogen-bond with the oxygen atoms of the anion,
with distances of 1.8 A. The fourth water molecule retains its distance of 3 A.

Table S3: The following table compares differences between optimization that include either four or
zero explicit water molecules interacting with a SO4-Al:3 Keggin complex.

No Explicit Water 4 Explicit Waters
gm (SO4%) -1.609 gm (SO4%) -1.529
Agm (SO4%) 0.391 Agm (SO4%) 0.471
Ha0-Al, A:2.10 A Ha0-Al, A:2.09 A
B:2.14 A B:2.12 A

Comparing the Mulliken charge (qm) on the SO4%, shown in Table S2, we find that it is larger in
magnitude without the presence of explicit water. When the four explicit water molecules are added to
the calculation, this value becomes less negative, differing by 0.08 e between the two calculations. The
water molecules seem to “soften” or shield the interaction of the Keggin and the S04> by taking on
some of the excess charge. The water molecules should be neutral overall, but the residual Mulliken
charge on the four water molecules ranges from -0.014 to -0.039 e. The same trends can be drawn by
discussing the Agm values.

The elongation of the ws0-Al, bonds is slightly impacted by the presence of water molecules, where the
elongation of the two sides is smaller by 0.01-0.02 A with water. The elongation is longer without water,



which is likely correlated to the more negative Mulliken charge causing a stronger effect on the
structure. These test calculations show that inclusion of explicit water does screen more charge than
implicit solvent alone, however the trends in geometry and adsorption induced electronic changes will
remain the same as those presented in the manuscript.



