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Supplementary Figure 1. GA predicted versus QM computed hydrolysis energies.
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The slope of the linear regression line is near unity (0.98), the
intercept is 2.10 and the R* value is 0.99. Clusters whose error
are larger than 5 kcal/mol are labeled. Al clusters are in cyan, Ga
in magenta, and heterometallic clusters in black.



Supplementary Figure 2. The structures of the 36 test clusters.
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1 [Al2(OH)2(H20)g]4* 2 [Al3(OH)a(H20)10]5+ 3 [Al3(OH)a(H20)10]5+ 4 [Al3(OH)a(H20)10]5+ 5 [Als(OH)s(H20)12]6+
21 [Gaz(OH)2(H20)s]** 22 [Gas(OH)a(H20)10]5* 23 [Gas(OH)a(H20)10]5* 24 [Gas(OH)a(H20)10]5+ 25 [Gas(OH)s(H20)12]5+
(AG1 =2.2; AG21 =-0.7) (AG2 =-0.9; AG22 =-0.2) (AG3 =0.7; AGzs =1.0) (AGs=1.1; AG24 =0.3) (AGs = 3.9; AGs =5.2)
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6 [Als(OH)s(H20)12]8+ 7 [Als(OH)s(H20)12]8+ 8 [Als(OH)s(H20)14]™+ 9 [Als(OH)12(H20)12]8* 10 [Al7(OH)12(H20)12]9*
26 [Gaa(OH)s(H20)12]6* 27 [Gaa(OH)s(H20)12]6+ 28 [Gas(OH)s(H20)14]7+ 29 [Gas(OH)12(H20)12]6* 30 [Ga7(OH)12(H20)12]%+
(AGe =-1.2, AG2s =1.5) (AG7 =-0.8; AG27 =0.9) (AGs = -4.7; AGiag =-2.9) (AGg = 1.6; AGizg =3.9) (AG10 = 0.4; AGso = -3.6)

11 [Alg(OH)14(H20)18]10+ 12 [Al11(OH)22(H20)16] '+ 13 [Ali2(OH)22(H20)16] 14+ 14 [Ali3(OH)24(H20)24] 15+ 15 &-[Al1304(OH)24(H20)12]"+
31 [Gag(OH)14(H20)1g]10+ (AG12=10.0) (AG13 =-31.6) 32 [Ga13(OH)24(H20)24]15+ 33 &-[Gai304(0OH)24(H20)12]7*+
(AG11 = 2.8, AGsr = -2.1) (AG1a = 7.8, AGap = -2.3) (AGis = -0.1; AGgs = 4.2)

&9

16 y-[Al1304(OH)24(H20)12]7* 17 [Ali3(OH)ao(H20)1s]%* 18 [Al1a(OH)a0(H20)1g]'2+ 19 [Ali5(OH)30(H20)1g]'5+ 20 [Al1g(OH)as(H20)20]10*

34 y-[Gat304(OH)z4(Hz0) 127 35 [Gara(OH)ao(H20)1s]o* (AG1s = 24.5) (AG1o = -7.5) 36 [Alis(OH)3s(H20)z0] "0+
(AGi6 = -0.6; AGas = 3.4) (AG17 = 1.5, AGas = -3.3) (BGao = 0.04; AGas = -10.0)

AG, 1 6a-0m 18 the difference between the GA predicted and QM computed Gibbs free
energies. Energies shown here are obtained by QM level of theory I and are in the unit
of kcal-mol™". The notation for Al clusters are shown in cyan, magenta notation represents

Ga clusters, and the black for heterometallic clusters.



Supplementary Table 1. The Gibbs free energies of metal cation (M**) and p,-O, p,-OH,
HZ'OHedge,O9 HZ'OHedge,OH’ MZ'OHedge,core-links’ HZ'OHcomer’ and n'HZO in Al and Ga aquo-
oxo/hydroxo clusters.

[A1,0,(OH),(H,0).]*"*  Ga,0,(OH),(H,0),]*" >

(a.u.) (a.u.)
M -241.278336 -1923.603085
-0 -76.143619 -76.166418
Ww,-OH -76.450168 -76.442767
W,-OH, 4 0 -76.359781 -76.340185
W-OH, 4, o -76.313202 -76.305428
Mo-OH e core-tinks -76.315207 -76.308287
W-OH o mer -76.313110 -76.308385
n-H,0 -76.587968 -76.584082

Supplementary Table 2. The species and their quantities contained in each aluminum

hydroxyl cluster studied in this manuscript.
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Supplementary Table 3. The QM computed and GA predicted equilibrium constants of
[AI(OH),]’, [Ga(OH),]’, Al,,* and Ga,," clusters as well as H,O disproportionation.

Exp. QM GA

Al 08.73%

e-isomer 99.32 99.28
d-isomer 99.53 99.53
y-isomer 100.15 99.70
Ga,* 62.34%

y-isomer 63.11 65.63
e-isomer 76.13 79.23
d-isomer 71.07 71.07
[AI(OH),] 23.0 25.06 —
[Ga(OH),I 16.6" 16.72 —

H,0 14.0% 14.49 —




Supplementary Table 4. The chemical potential (1l ) of all the clusters at the
standard state (room temperature 25 °C, atmospheric pressure, and 1 M concentration).

ref ref

Hcluster Hcluster
kcal-mol™ kcal-mol™

1 -753.33 20 -4896.56
2 -1076.41 21 -605.55
3 -1076.41 22 -854.79
4 -1076.31 23 -854.79
5 -1399.18 24 -858.49
6 -1399.48 25 -1115.22
7 -1399.48 26 -1104.02
8 -1722.66 27 -1104.02
9 -1953.85 28 -1353.36
10 -2024.27 29 -1517.01
11 -2576.70 30 -1523.28
12 -3222.29 31 -2006.38
13 -3295.30 32 -3040.99
14 -3962.32 33 -2685.67
15 34
(Al -3633.79 (Ga,") -2704.27
16 -3633.29 35 -3079.99
17 -4024.22 36 -3735.02
18 -4094.63 37

(AL -7155.00

19 -4167.64




Supplementary Note 1

Ga = 4Gyor =26, oy +4G, oy T10G, 4o (D

Go = 4Gur =26, o, o F4G, on o0+ 126, @)
Ge = 4Gyor = 6G, g +12G 4 3)
Ga =86y =66, o4 +6G, oy, +26, o +14G, 4, (@)
Ge = 136Gy = 4G, o+ 116, ou +2G, g +10G, o +14G 0, (5)
Gi=13Gyo+ = 4G, o +12G, gy +6G, oy +6G, oy  +126,, (6
Gy = 10Gy =226, gq  +16G, 4, %
Gligand, M, N, = XGligand M4,y T B Gligandn ) 3)

Supplementary Method

The ground-state structures and Gibbs free energy are computed by HF/6-31G(d,p)
with IEFPCM-UFF continuum solvation model for water. The electronic energy was
refined using B3LYP/6-311+G(d) single point, and the solvation energy was recomputed
using HF/6-311+G(d) with CPCM-UAKS for water. As an example, Supplementary

Equation 1-7 show the method to calculate the energy of structure a-f.



These seven basis ligands are n -H,O (the aqua ligands that fill the peripheral

coordination sites); M ,-O; b ,-OH; 1 ,-OH (binds two metallic cations which share

corner

one common hydroxo ligand at the corner sites of the metallic octahedral structure), o ,-
OH, 4 o (binds two metallic cations which share one common hydroxo ligand and one
common oxo ligand at the same edge of the metallic octahedral structure), 1 )-OH_yg o
(binds two metallic cations which share two common hydroxo ligand at the same edge

of the metallic octahedral structure), and 1 ,-OH ( 1 ,-OH, e oy ligands in

edge, core-links?

gibbsite-like core-links structures).

Supplementary Note 2

Accuracy of group addivity method. The regression plot comparing the GA predicted
and QM computed hydrolysis energies is shown in Supplementary Figure 1. The linearity
between the QM energy and GA predicted energy (R* value =0.99) shows that the GA
method robustly and accurately reproduces the QM computed hydrolysis reaction energies

of Al, Ga and Al/Ga aqueous oxo/hydroxo clusters.

Supplementary Table 3 lists the experimental QM computed and predicted equilibrium
constants of selected clusters. The GA method reproduces QM computed and experimental

data.

The Gibbs free energies of heterometallic flat and Keggin tridecamers are predicted
and the results are shown in Supplementary Figure 2. In computing the GA energy for
heterometallic clusters, the ligand energies of homometallic clusters are used for ligands

attached to only one type of metal cation. If the ligand bridges two different cations, the



ligand energy is computed from the energies of that species of ligand in both of the

homometallic clusters by specific weighting ratio as shown in Supplementary Equation 8.

The weighting ratios differ from species of ligands and are closely related to the cluster
structures. For bridging w,-OH,,,,., ligands in the heterometallic flat tridecamers (x =7,y
=6), a = 4 =0.5; for bridging u,-O ligand in Keggin tridecamers (x=1,y=12), @ =0

and /£ =1.

The above assumption gave good predictions for the Gibbs free energy of Ga,Alg
(AG yuonom = 1.3 keal-mol ™), GaAl, (AG, . gaom = 0.1 keal-mol™) and AlGa,, (AG, i 6a-
o = 0.0 kcal-mol™). The error of Al,Ga, is somewhat larger (AG, ga.om = 11.0 keal-mol’
"). The origin of rather larger error in this case is the p,-OH,. ligand, which is
overestimated by 0.91 kcal-mol”'. These ligands in Al,Ga, are slightly closer to the
[AL(OH),,]** core (1.86 A in average) than the analogous ligands are to the [Ga,(OH),,]**
core in Ga,Aly (1.92 A in average). Hence, the w,-OH_,,.. ligands in Al,Gag experience

stronger electrostatic attraction from [Al,(OH),,]** core and is consequently slightly lower

in energy than the p,-OH_,,., ligands of flat Al,; and Ga,;.

In Keggin tridecamers, the available space that the p,-O ligands can occupy is strictly
confined by the central tetrahedral cation and the outer octahedral cations. Since the cluster
size of Keggin tridecamers only has negligible change with substitution of the cation in the
tetrahedral core and both Ga and Al cations are trivalent, it is not surprising that the energy

of bridging p,-O ligand is determined exclusively by the outer octahedral metallic cations.



The difference between the GA predicted and QM computed Gibbs free energies
(AG a1 6a-0m) 0f 40 clusters are shown in Supplementary Figure 2. The mean absolute error
(MAE) is 4.0 kcal-mol™ (standard deviation = 6.3 kcal-mol ™). The mean absolute percent
error (MAPE) for the absolute energies of the cluster is 0.0001% (standard deviation =
0.00017%). Among all the clusters, [Al,,(OH),,(H,0),,]'** (cluster 13 in Supplementary
Figure 2), has the largest error, -31.6 kcal-mol™ or 0.00087% of the total energy. The MAPE

for the hydrolysis energies of the clusters is 2.9% (standard deviation = 2.9 %).
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