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Keggin-type polyaluminum cations belong to a unique class of polyoxometalates (POMs) with their large
positive charge, hydroxo bridges, and divergent isomerization/oligomerization. Previously reported
oligomerizations of the polyaluminum cations were driven solely by the -Keggin isomer, which created AI26,
AI30, and AI32 dimeric species. We herein report the isolation of largest ever Keggin-type structure for this
system through a unique mode of self-condensation among four e-GeAl 128+ to form

[NaGe,O, (Al,o(OH), ,o(H,0), 4]21 "(Ge Al 45)- Elemental analysis confirms the Ge** substitution, and
dynamic light scattering experiments indicated that these larger species exist in the thermally aged solutions.
DFT calculations have revealed that a single atom Ge substitution in tetrahedral site of e-Al 1 37+ is the key for
the formation this cluster because it activates the deprotonation at certain octahedral sites to assist

self-condensation in a specific mode.
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1. Experimental Details

Synthesizing Ges Al and Crystallizing Na[Ge;0:6Alis(OH)10s(H,0)2](2,6-NDS),
Cl7(H20)45

All chemicals, AICIl;:6H,O (Fisher Scientific), NaOH (Fisher Scientific), GeO»
(BeanTown Chemicals), and 2,6-naphthalenedisulfonate disodium salt (97%, Sigma Aldrich),
were used as received. Aqueous solutions in this study used ultrapure water (18.2 MQ.cm,
Easypure II) as the solvent. A solution contains e-GeAl;; was prepared by following general
methodology of Lee et al., 2001 with some additional modification.' In a typical synthesis, 0.05
g of GeO, powder was added to 48 mL of a 0.25M NaOH solution and stirred until the solid was
completely dissolved in the aqueous phase. This Ge*" stock solution was heated to 85 °C and
titrated with a 20 mL aliquot of a 0.25M AICl; solution. After cooling to room temperature, 10
mL of this partially hydrolyzed Ge*/AI** stock solution was loaded into a 23 mL Teflon-lined
Parr reaction vessel and aged in a gravimetric oven set at 90 °C for 7 days. This thermally aged
solution was again allowed to slowly cool to room temperature and then a 4 mL aliquot was
added to a glass scintillation vial. To create high-quality single crystals, a 2.6 mL of 2,6-
napthalenedisulfonate solution (0.1M) was added to the vial, covered with perforated parafilm
and allowed to slowly evaporate. After about 7 days, colorless, blocky crystals of GesAls were
formed alongside amorphous flocculants. The yields of the crystalline phase was determined by
mechanical separation and was determined to be approximately 15% based upon Al. We
evaluated other crystallizing agents (K,SO., Na,SeO, and 2,7-napthalenedisulfonate) over the
course of this study, but only isolated the previously reported e-GeAl;, with Na,SeO, (Space
group= [ 4 m2, a= 13.002(4), b= 17.235(4), a= 90°)."' However, the Ge,Aly compound could
be reproducibly formed using the protocol described above.

Structural Characterization by Single Crystal X-ray Diffraction (SCXRD)

A small (80pm x 60pm x 20pm), but high-quality single crystal was separated from
solvent using a needle with help of microscope and instantly coated in mineral oil on a MiTeGen
micromount. The crystal was mounted in a Bruker D8 Quest single-crystal diffractometer
equipped with a microfocus X-ray beam (Mo Ka; A = 0.71073 A) and a CMOS detector.
Diffraction frames were collected at 100K (Oxford low-temperature cryosystem) with the Bruker
APEX3 software package.? Peak intensities were corrected for Lorentz polarization, background
effects, and absorption effects using the APEX3 software.” Initial structure solution was
determined by intrinsic phasing and refined on the basis of F* for all unique data using the
SHELXL 5 program.® The disordered solvents (H,O) was modeled using SQUEEZE command in
the Platon software during structure refinement. Metal atoms and most of the oxygens in
GesAlys cluster could be refined anisotropically. Hydrogen atoms associated with the 2,6-NDS
and solvent molecules could not be assigned due to presence of disorder and partial occupancy.

Elemental Analysis by Inductively Coupled Plasma Mass Spectrometry (ICP-MS)

The concentration of Al, Ge and their molar ratio in GesAlss were determined in a Agilent
7900 ICP-MS system. A small amount (~5mg) GesAlss crystals were separated from the



amorphous flocculant by hand from three different crystallization replicates was dissolved
separately in 2% nitric acid solution. A series of Al and Ge standard solutions were prepared in
2% nitric acid by diluting 1000 ppm ICP-MS standards bought from Fluka Analytical.
Calibration curves constructed from standard solutions were used to determine the Ge:Al ratio of
the dissolved crystalline materials and analysis was performed in triplicate.

Table S1: ICP-MS result of 2% nitric acid digested Na[Ge4O16Al15(OH)105(H20)24](2,6-NDS);
Cl7(H,0)4s crystals.

Al concentration Ge concentration Theoretical Experimental Theoretical
ppm (mol/L) ppm (mol/L) Ge based
x 10* x10°  onAl Al(mol) Al(mol)
(mol/L) x &(mol) i(mol)
10°
7.06+4.23  2.62+1.57  1.50+0.92 2.06+ 1.26 2.18 12.43+ 0.45 12.0

Dynamic Light Scattering (DLS) measurement

The GeAl;,” aqueous solution was aged at 90 °C for 7 days, cooled to room temperature and
then the colloidal phase was allowed aggregate to the bottom of the vial. After 48 hours, the
clear solution from top was filtered through a 0.25 pm membrane filter for dynamic light
scattering measurement to determine hydrodynamic diameter using Zetasizer Nano ZS (Malvern
instrument Itd, MA).

Computational Methodology

To better understand the differences in Keggin isomers, aqueous models of the e- and §-MAl,;,
(M= Al, Ga, Ge) Keggin nanoclusters were studied using density functional theory (DFT) as
implemented in the DMol® quantum package developed by Delley.”® Experimental crystal
structures of e-GeAl;,*" were obtained from Lee et al.;'e-Al;s’" from Parker et al.;” §-Als”" from
Son et al.;® and GesAls™" presented here. The experimental structures were used to create
isolated molecular models, with hydrogen placement determined by bond valence to fulfill
bonding requirements and stoichiometry. As previously used to study aluminum oxide
nanomaterials,”'? aperiodic all-electron calculations were performed using the using the GGA-
PBE" level of theory, using the double-numeric polarized (DNP) atom-centered basis set and a
real-space global cutoff of 4.5 A Optimization of all structures was done with an energy
convergence criteria of 0.0003 eV and a residual force criteria of at least 0.005 eV/A on all
atoms. The Keggin models were embedded in the conductor-like screening model (COSMO) to
simulate aqueous solvent effects.'*

Previous computational studies have benchmarked the methods employed here. In computing
cluster energetics, DMol® relative energies at the PBE/DNP/COSMO level were compared to
those obtained using Gaussian09 PBEO/TZVP/PCM for Al Keggin-type clusters containing 2
symmetry-equivalent Cu cations. As reported in Abeysinghe et al. 2013, the relative energies of
Cu,-Als configurations differed between the two methods by 0.1 eV (or 4x10* eV/atom) for



clusters consisting of 238 atoms (2 Cu, 30 Al, 94 O, and 112 H)". Additional testing compared
the relative energies of GaAl;, clusters, with varied positions of Ga, calculated at the PBE and
B3LYP level (all other computational details consistent). The results showed maximum energy
differences within 0.1 eV between different and optimized tetrahedral Ga-O bond lengths within
numerical precision of one another. As such, the GGA-PBE functional is an appropriate
functional choice for studying these oxyhydroxide clusters in terms of balancing computational
cost and accuracy. Testing was also done to compare how basis set quality influences relative
energies of two Al;; isomers, comparing the polarized double (DNP) and triple-numeric (TNP)
basis sets.'® The energy difference between the e- and §-isomers was found to be 0.072 eV for
DNP and 0.086 for TNP; as the computed differences in relative energy are of a similar
magnitude, it can be concluded that DNP is a suitable choice in basis set.

Calculations of the isolated e- and 6-MAl;, nanoclusters were used to compare relative stability
of the isomers, where M= Al or Ge. Interactions of e-Al;; and e-GeAl;, with SO4* were sampled,
taking note of instances where the anion interaction resulted in cluster deprotonation. The change
in Mulliken charge population (Agm) provides a metric for comparing charge transfer or the
degree of electron sharing between the Keggin and the anion, given in units of fundamental
electron charge (e). Values of Agw are calculated by summing the partial atomic charges of the
sulfate anion and determining the change from the initial formal charge of -2 e. Previous studies
have shown that interactions resulting in anion Aqgu values greater than 0.50 e undergo
deprotonation.®*® Calculated Aqgw values for different sites of € and § isomers are listed in Table
S1 and Table S2 respectively.

Table S2: e-isomer Aqgy values for SO,* interactions, in units of fundamental electron charge (e).
Deprotonation interactions are highlighted in boldface.

Table S3: §-isomer Aqgy values for SO,* interactions, in units of fundamental electron charge (e).

Keggin Site 1 Site 2
e-GeAly» 0.67 0.39
E-A113 0.41 0.34

Deprotonation interactions are highlighted in boldface.

Keggin Site 1 Site 2 Site 3
6-GeAl;, 0.66 0.65 0.59
0-Alj; 0.40 0.61 0.40

2. Crystallographic Information
Table S4: Crystal data and structure refinement for Na[Ge;016Alss(OH)105(H20)24](2,6-
NDS)7 Cl7(H20)45

Empirical formula C145HA196C114.25668N820471 829.25



Formula weight 6968.575

Temperature/K 100(2)

Crystal system monoclinic

Space group P2,/c

a/A 36.786(4)

b/A 35.861(3)

c/A 48.892(5)

a/° 90

B/° 92.744(2)

y/° 90

Volume/A® 64423(11)

Z 2

Peacg/cm’ 1.370

p/mm™ 0.756

F(000) 27497.0

Crystal size/mm? 0.100 x 0.080 x 0.080
Radiation MoKa (A =0.71073)

20 range for data collection/®° 4.22 to 38.422

Index ranges -34<h<34,-33<k<33,-45<1<45
Reflections collected 741942

Independent reflections 53480 [Rine = 0.1668, Ryigma = 0.0571]
Data/restraints/parameters 53480/0/5389
Goodness-of-fit on F? 0.939

Final R indexes [I>=20 (I)] R:=0.1047, wR, = 0.2644
Final R indexes [all data] R, =0.1454, wR, = 0.3065

Largest diff. peak/hole /e A® 2.87/-1.45

Table S5: Selected bond distances for Ge,Als™""

Atom| Atom Length/A Atom Atom | Length/A
Gedl 028 1.766(10) | | Al48 0130 1.982(10)
Ge0l  O11 1.773(10) || Ge05 0276 1.764(11)
Ge0l 0126 1.775(10) || Ge05 0271 1.777(10)
Ge01 027 1.785(10) || Ge05 0277 1.786(10)
Ge02 0119 1.775(11) || Ge05 0267 1.806(10)
Ge02 0116 1.779(10) || Ge06 0247 1.774(10)
Ge02 0140 1.787(10) || GeO6 0238 1.778(11)
Ge02 0118 1.791(10) || Ge06 0246 1.779(11)
Ge03 057 1.782(10) || Ge06 0236 1.792(11)
Ge03 058 1.789(10) || Ge07 0164 1.760(11)
Ge03 054 1.790(11) L] Ge07 0169 1.760(11)
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1.798(10)
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1.856(11)
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2.990(7)

1.849(10)
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1.861(11)

1.953(10)
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1.866(11)
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2.963(8)
1.840(12)
1.846(11)
1.851(11)
1.853(11)
1.922(12)
2.108(11)
2.867(7)
2.998(7)
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1.853(11)
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1.871(11)
1.876(11)
2.180(10)
2.871(7)
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1.868(11)
2.151(10)
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1.852(11)
1.861(11)
1.864(11)
1.876(11)
1.883(11)
2.149(11)
1.840(11)
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1.862(11)
2.291(11)
1.847(11)
1.848(11)
1.857(11)
1.875(11)
1.878(11)
2.182(11)
2.870(7)
1.852(11)
1.857(11)
1.860(12)
1.863(11)
1.878(11)
2.115(12)
2.986(7)
1.836(11)
1.846(12)
1.853(11)
1.861(11)
1.874(11)
2.257(12)
2.862(7)
1.844(11)
1.856(11)
1.858(11)
1.860(12)
1.864(11)
2.245(11)
1.849(11)
1.854(11)
1.860(11)
1.863(10)
1.864(10)
2.207(10)
2.885(6)
2.996(6)
1.844(12)
1.871(12)
1.872(13)

Al58
Al59
Al59
Al59
AI59
Al59
Al59
Al59
Al60
Al60
Al60
Al60
Al60
Al60
Al60
Al61
Al6l
Al61
Al61
Al61
Al61
Al61
Al6l
Al62
Al62
Al62
Al62
Al62
Al62
Al63
Al63
Al63
Al63
Al63
Al63
Al64
Al64
Al64
Al64
Al64

0271
0251
0248
0253
0255
0176
0247
Al95
0176
o161
0179
0177
0168
0164
Al96
0201
0211
0217
0220
0221
0203
Al63
Al79
0287
0259
0285
0288
0221
0277
0215
0219
0213
0211
0217
0204
0253
0252
0149
0257
0249

2.038(10)
1.845(11)
1.849(11)
1.854(11)
1.862(11)
1.868(12)
2.197(11)
2.865(7)
1.843(12)
1.852(11)
1.854(11)
1.861(11)
1.874(12)
2.246(11)
2.882(7)
1.847(12)
1.851(12)
1.859(12)
1.864(12)
1.881(12)
2.173(11)
2.859(8)
2.997(7)
1.847(11)
1.856(11)
1.860(11)
1.863(12)
1.870(11)
2.172(11)
1.848(12)
1.863(12)
1.865(12)
1.866(12)
1.868(12)
2.213(11)
1.846(11)
1.862(12)
1.862(10)
1.871(11)
1.872(11)




All7
All7
All7
All7
Al17
Al18
Al18
Al18
Al18
Al18
Al18
Al18
Al19
Al19
Al19
Al19
Al19
Al19
Al19
Al19
Al20
Al20
Al20
Al20
Al20
Al20
Al20
Al21
Al21
Al21
Al21
Al21
Al21
Al21
Al21
Al22
Al22
Al22
Al22
Al22

0141
0139
0118
Al21
Al18
o111
0117
0115
0109
063
0118
Al24
081
0120
0145
0107
0110
0119
Al47
Al20
033
0120
0137
0148
0136
0119
Al46
0147
0134
0138
0141
0133
0140
Al46
Al22
0135
0147
0143
0142
0131

1.875(12)
1.950(12)
1.970(11)
2.895(8)
2.986(7)
1.853(11)
1.863(11)
1.863(12)
1.871(11)
1.881(12)
2.123(11)
2.865(7)
1.850(10)
1.860(11)
1.864(11)
1.865(11)
1.878(11)
2.090(11)
2.875(7)
2.976(7)
1.836(12)
1.837(12)
1.854(12)
1.872(12)
1.936(13)
2.017(12)
2.870(9)
1.849(15)
1.866(17)
1.874(13)
1.893(13)
1.933(15)
2.098(11)
2.970(9)
2.974(9)
1.825(16)
1.826(15)
1.873(14)
1.886(13)
1.939(16)

Al64
Al64
Al65
Al65
Al65
Al65
Al65
Al65
Al65
Al66
Al66
Al66
Al66
Al66
Al66
Al67
Al67
Al67
Al67
Al67
Al67
Al67
Al67
Al68
Al68
Al68
Al68
Al68
Al68
Al68
Al69
Al69
Al69
Al69
Al69
Al69
Al70
Al70
Al70
Al70

0247
Al94
0257
0269
0272
0275
0278
0271
Al92
0268
0181
0270
0273
0272
0271
0159
0161
0154
0155
0152
0164
Al82
Al93
0216
0205
0214
0212
0207
0206
Al69
0220
0218
0216
0205
0202
0203
0289
0290
0291
0266

2.180(11)
2.872(7)
1.840(11)
1.852(10)
1.856(10)
1.857(10)
1.858(11)
2.200(10)
2.865(7)
1.846(11)
1.855(11)
1.869(11)
1.870(11)
1.872(11)
2.137(10)
1.827(11)
1.853(11)
1.862(12)
1.866(12)
1.963(11)
2.027(11)
2.888(7)
2.992(7)
1.843(12)
1.849(14)
1.849(13)
1.863(13)
1.874(13)
2.235(13)
2.852(8)
1.849(12)
1.857(13)
1.859(13)
1.861(12)
1.863(13)
2.196(13)
1.845(11)
1.850(12)
1.850(11)
1.856(11)




Al22
Al22
Al22
Al23
Al23
Al23
Al23
Al23
Al23
Al23
Al24
Al24
Al24
Al24
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Al24
Al25
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Al25
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Al26
Al26
Al26
Al26
Al26
Al26
Al26
Al27
Al27
Al27
Al27
Al27
Al27
Al28
Al28
Al28

0140
Al23
Al46
0114
0143
0142
0113
0144
0116
Al47
0112
065
0115
0113
o111
0116
088
096
091
094
095
089
Al45
Al26
088
0124
079
086
081
089
Al27
086
073
084
079
080
087
074
077
075

2.111(12)
2.880(9)
2.983(10)
1.856(11)
1.857(13)
1.864(13)
1.869(12)
1.928(14)
1.999(12)
2.974(7)
1.844(11)
1.852(12)
1.854(11)
1.854(12)
1.874(11)
2.193(11)
1.825(11)
1.832(11)
1.835(11)
1.877(10)
1.948(11)
2.035(11)
2.876(7)
2.994(7)
1.850(10)
1.860(11)
1.864(11)
1.871(11)
1.873(11)
2.136(10)
2.864(7)
1.839(11)
1.851(11)
1.857(11)
1.873(11)
1.883(10)
2.170(10)
1.849(10)
1.856(10)
1.856(10)

Al70
Al70
Al71
Al71
Al71
Al71
Al71
Al71
Al71
Al71
Al72
Al72
Al72
Al72
Al72
Al72
Al72
Al72
Al73
Al73
Al73
Al73
Al73
Al73
Al73
Al73
Al73
Al74
Al74
Al74
Al74
Al74
Al74
Al74
Al75
Al75
Al75
Al75
Al75
Al75

0292
0276
0209
0174
0208
0214
0222
0206
Al74
Al86
0235
0242
0250
0245
0241
0246
Al83
Al94
0189
0190
0197
0198
0191
0195
Al79
Al76
Al77
0222
0186
0209
0215
0210
0204
Al89
0186
0185
0180
0178
0183
0293

1.947(11)
2.000(11)
1.842(12)
1.851(13)
1.863(13)
1.863(13)
1.892(12)
2.112(13)
2.858(8)
2.976(8)
1.835(13)
1.844(13)
1.851(12)
1.864(12)
1.945(14)
2.020(12)
2.843(8)
2.977(7)
1.834(14)
1.849(15)
1.879(14)
1.884(13)
1.909(14)
2.074(14)
2.898(8)
2.965(10)
2.974(9)
1.853(12)
1.856(13)
1.858(13)
1.866(11)
1.874(13)
2.147(12)
2.994(7)
1.855(12)
1.856(12)
1.864(13)
1.877(13)
1.883(12)
2.139(11)




Al28
Al28
Al28
Al28
Al29
Al29
Al29
Al29
Al29
Al29
Al29
Al30
Al30
Al30
Al30
Al30
Al30
Al30
Al31
Al31
Al31
Al31
Al31
Al31
Al31
Al31
Al32
Al32
Al32
Al32
Al32
Al32
Al32
Al32
Al33
Al33
Al33
Al33
Al33
Al33

076
019
090
Al40
055
064
063
066
052
054
Al38
052
051
044
043
039
054
Al31
041
044
040
043
038
046
Al32
Al34
049
045
042
040
037
046
Al33
Al34
062
059
049
045
047
058

1.864(10)
1.866(11)
2.170(10)
2.997(6)
1.844(11)
1.846(11)
1.856(11)
1.861(12)
1.861(11)
2.188(11)
2.881(7)
1.821(12)
1.838(12)
1.849(12)
1.854(12)
1.943(12)
2.057(11)
2.871(8)
1.825(13)
1.844(13)
1.848(13)
1.854(13)
1.914(13)
2.122(11)
2.987(8)
2.988(8)
1.844(12)
1.855(12)
1.855(12)
1.858(12)
1.920(12)
2.097(12)
2.869(7)
2.981(8)
1.843(11)
1.853(11)
1.857(11)
1.858(12)
1.974(12)
2.008(11)
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Al80
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Al80
Al80
Al80
Al80
Al80
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Al88
Al80
0190
0223
0187
0196
0188
0195
Al89
Al77
0189
0193
0187
0194
0294
0195
Al86
0233
0243
0226
0240
0234
0236
Al83
Al85
0201
0198
0202
0197
0199
0203
0166
0180
0158
0160
0295
0293
Al87
Al91
0231

2.864(8)
2.983(8)
1.820(15)
1.840(14)
1.842(15)
1.867(13)
1.944(15)
2.106(14)
2.865(9)
2.973(10)
1.827(16)
1.852(14)
1.857(16)
1.868(15)
1.930(15)
2.093(13)
2.865(9)
1.840(13)
1.849(12)
1.853(13)
1.863(13)
1.912(12)
2.087(12)
2.991(8)
2.994(8)
1.851(12)
1.856(13)
1.865(13)
1.866(13)
1.935(14)
1.997(13)
1.837(12)
1.847(13)
1.848(12)
1.874(13)
1.936(13)
2.037(12)
2.859(8)
2.988(7)
1.840(15)
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Al38
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Al38
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041
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046
Al36
061
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036
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Al37
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068
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071
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057
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068
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065
066
057
083
082
072
074
078
090
Al41

1.836(13)
1.853(12)
1.855(12)
1.858(13)
1.930(13)
2.040(12)
2.869(8)
1.851(11)
1.868(11)
1.869(11)
1.879(11)
1.887(11)
2.143(11)
2.856(7)
1.843(12)
1.849(12)
1.861(12)
1.867(12)
1.939(12)
1.992(11)
2.977(7)
1.858(11)
1.859(11)
1.866(11)
1.873(11)
1.873(11)
2.125(11)
1.838(12)
1.850(11)
1.854(12)
1.869(12)
1.877(11)
2.255(11)
1.838(11)
1.849(10)
1.855(11)
1.857(10)
1.876(10)
2.213(10)
2.868(7)

Al81
Al81
Al81
Al81
Al81
Al81
Al81
Al82
Al82
Al82
Al82
Al82
Al82
Al82
Al83
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Al83
Al84
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Al84
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Al84
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Al86
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0230
0229
0228
0224
0238
Al85
Al95
0151
0154
0155
0153
0150
0157
Al87
0242
0235
0227
0233
0232
0236
0212
0230
0237
0256
0239
0238
Al90
0226
0227
0228
0229
0225
0236
0194
0208
0193
0207
0192
0206
0160

1.850(13)
1.858(14)
1.864(13)
1.950(13)
2.006(11)
2.874(9)
2.994(8)
1.836(14)
1.850(12)
1.856(13)
1.866(13)
1.927(13)
2.093(12)
2.995(8)
1.827(14)
1.832(12)
1.844(14)
1.854(12)
1.897(14)
2.121(14)
1.854(12)
1.857(12)
1.864(14)
1.865(11)
1.868(13)
2.204(12)
2.861(8)
1.840(13)
1.855(15)
1.859(15)
1.863(13)
1.916(13)
2.063(12)
1.842(15)
1.857(15)
1.867(14)
1.875(14)
1.946(13)
2.013(12)
1.844(12)




Al40
Al40
Al40
Al40
Al40
Al40
Al40
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Al41
Al41
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Al42
Al42
Al42
Al42
Al42
Al42
Al42
Al42
Al43
Al43
Al43
Al43
Al43
Al43
Al43
Al44
Al44
Al44
Al44
Al44
Al44
Al44
Al45
Al45
Al45
Al45
Al45

082
075
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Al42
085
083
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080
078
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0103
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0102
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099
Al44
Al45
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098
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0123
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Al44
098
0103
0104
097
0105
099
Al45
0102
0104
096
094
0106

1.854(10)
1.854(10)
1.867(11)
1.878(11)
1.963(11)
2.010(10)
2.890(6)
1.833(11)
1.848(11)
1.858(11)
1.872(11)
1.890(10)
2.189(10)
1.840(11)
1.843(11)
1.847(11)
1.850(10)
1.912(11)
2.095(10)
2.983(6)
2.987(6)
1.840(11)
1.848(11)
1.850(11)
1.857(11)
1.913(11)
2.032(10)
2.867(7)
1.831(11)
1.831(10)
1.855(11)
1.868(10)
1.926(11)
2.053(10)
2.998(7)
1.843(10)
1.844(11)
1.849(11)
1.873(11)
1.954(11)

Al87
Al87
Al87
Al87
Al87
Al88
Al88
Al88
Al88
Al88
Al88
Al89
Al89
Al89
Al89
Al89
Al89
Al90
Al90
Al90
Al90
Al90
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Al91
Al91
Al91
Al91
Al91
Al91
Al92
Al92
Al92
Al92
Al92
Al92
Al93
Al93
Al93
Al93

0158
0156
0151
0296"
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0172
0183
0178
0174
0173
0169
0213
0210
0223
0196
0200
0204
0256
0245
0254
0218
0237
0246
0167
0166
0185
0182
0184
0293
Al93

0258
0286
0275
0287
0278
0277
0167
0159
0179
0181

1.855(13)
1.864(15)
1.865(13)
1.904(14)
2.068(13)
1.856(12)
1.860(13)
1.863(12)
1.864(12)
1.880(12)
2.113(12)
1.850(12)
1.855(13)
1.857(13)
1.858(14)
1.945(14)
2.013(12)
1.841(13)
1.847(13)
1.853(12)
1.856(12)
1.861(13)
2.196(11)
1.837(11)
1.839(12)
1.859(12)
1.867(11)
1.877(11)
2.159(11)
2.869(7)
1.845(11)
1.849(11)
1.850(11)
1.855(11)
1.861(11)
2.148(11)
1.839(11)
1.857(11)
1.865(11)
1.872(11)
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0145
0116
0146
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2.108(10)
1.822(16)
1.836(16)
1.853(13)
1.892(14)
1.935(16)
2.108(12)
1.853(11)
1.863(11)
1.867(11)
1.869(11)
1.869(11)
2.141(11)
1.842(11)
1.854(11)
1.855(11)
1.893(11)
1.966(10)
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Al95
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Al95
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0169

1.879(11)
2.168(11)
1.848(12)
1.851(12)
1.860(12)
1.873(11)
1.875(11)
2.133(11)
1.847(12)
1.852(12)
1.853(12)
1.865(12)
1.877(13)
2.174(13)
1.825(12)
1.838(13)
1.848(12)
1.853(12)
1.875(11)
2.270(12)




3. Additional figures
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Figure S1. Different surface sites of §- GeAl;, and §- Aly;interacting with SO,* ion. The abstracted
proton is highlighted with a green circle. Blue and purple polyhedra are used to represent Al and Ge
atoms, respectively. Red, yellow and white balls are used to represent O, S, and H atoms, respectively.
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ABSTRACT: Keggin-type polyaluminum cations belong to a
unique class of polyoxometalates (POMs) with their large positive
charge, hydroxo bridges, and divergent isomerization/oligomeriza-
tion. Previously reported oligomerizations of the polyaluminum
cations were driven solely by the 8-Keggin isomer, which created
Alzs, Alzo, and Als2 dimeric species. We herein report the isolation
of largest ever Keggin-type structure for this system through a
unique mode of self-condensation among four e-GeAl12®* to form
[NaGesO16Ala8(OH)108(H20)24]2*(GeaAlsg).  Elemental analysis
confirms the Ge** substitution, and dynamic light scattering exper-
iments indicated that these larger species exist in the thermally aged
solutions. DFT calculations have revealed that a single atom Ge
substitution in tetrahedral site of &-Alis™ is the key for the for-
mation this cluster because it activates the deprotonation at certain
octahedral sites to assist self-condensation in a specific mode.

Since the discovery of Keggin-type polyoxometalates (POMs)
in 1933, chemists and material scientists have been fascinated by
their unique structural features and applications in energy, medi-
cine, and water purification. The Keggin topology was first identi-
fied as a phosphotungstate and contains a central tetrahedrally co-
ordinated cation encapsulated by 12 additional metal octahedra that
are bridged through OH- or O% groups. The exterior metal cations
can connect via shared edges or corners, which leads to five differ-
ent isomeric (a, B, v, 8, and €) forms. The chemical diversity for
anionic POM s is vast, with the five Keggin isomers formed by oc-
tahedrally coordinated V, Mo, W, Nb, and Ta ions incapsulating P,
Si, Ge, or As cations.? Structural topologies associated with cati-
onic aluminum-based POMs are notably less diverse, with over
90% of the known species related to the 8-, and e-Keggin topology
cations. Chemical diversity for the cationic aluminum POMs are
also much more limited than what is observed for the anionic spe-

cies, with only Ga®* and Ge** full substitution reported for the tet-
rahedral position and Ga3* and Cr3* partial substitution reported in
octahedral position.®® The chemical diversity of the Keggin-topol-
ogy and the reactivity of these nanoscale clusters has resulted in
their use within industrial catalysis and water purification.”® Ad-
ditional efforts are ongoing to explore their use as metallodrugs for
cancer treatement!?, electrodes for Li* batteries and energy stor-
age'*?, multifunctional sensor'® and redox-based nonvolatile
memory materials**. The metal oxo Keggin clusters containing alu-
minum, iron and others have also been found in natural systems and
believe to control different geochemical processes.'517

Keggin isomers can also undergo additional hydrolysis reac-
tions or coordination with linkers that result in the formation of
larger (>1 nm) oligomers. For the anionic POMs, formation of la-
cunary structures based upon the a- and p-Keggin motif results in
the formation of these larger clusters, with the Wells-Dawson to-
pology as a well-known example. Additional linkages occur
through use of either organic linkers'® or octahedral/heteroatom
substitution?® to create an array of larger anionic POMs based upon
two to four Keggin clusters. For polyaluminum Keggin cations, the
&-isomer is the only known synthon and either condenses to form
the Alzs species or bridges through additional aluminum octahedra
to create only two additional topologies (Also or Als2).1%2° Cur-
rently, the largest known cationic POM topologies contains only
contains two Keggin units and reflects a lack of understanding on
the condensation process within the AI3* system.

Previous studies have demonstrated that heteroatom substitu-
tion is important for the oligomerization process and can lead to a
new understanding of the condensation process for cationic POMs.
For example, Mothé-Esteves et al., indicated that octahedral sub-
stitution in Keggin units within anionic POMs can enhance for-
mation of reversible H-bond with other units, which further can
condensate into bridging oxygen bond between two metals.?* This
strategy has been employed to synthesize trimers 222 and tetram-
ers?+30 of lacunary or tri-lacunary Keggin units within polyanionic



DAl
@ Ge
@ Na

NaGe, Al 2"

(b)

Figure 1. (a) Polyhedra representation of NaGesAlss?'* Keggin cluster with AI3*, Ge** and Na* represented in blue, purple, and yellow,
respectively. (b) Ball and stick representation for the formation of NaGesAl}2! from individual e-GeAl128* building block. The surface
H20 groups that have undergone self-condensation are depicted by translucent red spheres.

POMs. In the case of cationic systems, previous computational
work®! and experimental observations®>-3 demonstrated that tetra-
hedral heteroatom substitution at center of Alis™ Keggin can tune
the chemical behavior of terminal H20 groups attached to octahe-
dral metal ions. This surface reactivity is vital to the condensation
process and may be utilized as synthetic strategy in AI** Keggin
systems to generate larger POMs with novel chemical properties.

In the present study, we describe the synthesis and characteri-
zation of a giant (~2.4 nm) Keggin-type aluminum oxo polycation
[NaGe4O16Al18(OH)108(H20)24]%1* (GesAlas) composed of four -
GeAl12 Keggin units, without the use of lacunary structures or or-
ganic linkers. Additional investigations of the solution phase using
Dynamic Light Scattering (DLS) provides evidence of the larger
cluster within the solution phase. Density Functional Theory (DFT)
calculations also provide an energetic understanding of the for-
mation pathway and additional insights into the role of the counter-
ions in the hydrolysis and condensation processes.

The GesAlss cluster was synthesized by thermal aging of an
aqueous solution containing AI®* and Ge** cation. Initially, a
mixed AI**/Ge** solution was partially hydrolyzed at 80 °C, which
is the standard procedure for forming the
[GeOsAl120H24H2012)1%* (e-GeAl12) Keggin.# Evaporation of the
solution at this point with addition of selenate anions results in the
crystallization of the [GeOsAl12(OH)24(H20)12](Se04)s +14 H20
phase. Additional thermal aging of this solution at 90 °C for seven
days, followed by addition of the 2,6- napthalenedisulfonate (2,6-
NDS) ion yielded small, transparent crystals of
[NaGesO16Ala8(OH)108(H20)24](2,6-NDS)7Cl7(H20)a5  with  ap-
proximate yields of 15% based on Al3*,

Structural features of the solid-state material was analyzed us-
ing single crystal X-ray diffraction and indicated that the GesAlss
cluster is based upon the e-Keggin unit. Each e-isomer is composed
of a tetrahedral Ge(O)4 unit surrounded by 12 AI(OH)s octahedra
that are connected via edge-sharing p2-OH groups between

Al3(OH)s(H20)s trimers (Fig. 1). The Ge-O bond distances ranged
from 1.760(11) to 1.806(10) A and are similar to the isolated -
GeAl18* Keggin (Ge-O = 1.809(8) A).* GesAlss is formed when
four e-GeAl12 units are linked via twelve p2-OH bridging groups
(two linkages per trimeric unit) in a tetrahedral (T4) arrangement.
A 0.9 nm cavity exists at the center of the GesAlss cluster, but X-
ray diffraction could only identify a single Na* cation within this
space. The [Na(GesAlss)]?** unit is charge balanced by seven 2,6-
napthalenedisulfonate and seven chloride ions for an overall com-
pound formula  of [NaGesO16Ala8(OH)108(H20)24] (2,6-
NDS)7Cl7(H20)4s. The 2,6-napthalenedisulfonate ions are arranged
within two separate channels in the [010] and [101] directions.
These anions aid in the crystallization of the GesAlass cluster by en-
gaging in both n—x interaction between the naphthalene rings and
electrostatics with the positively charged clusters.*®

The structural topology observed in GesAlss is unique because
it is the only giant cationic tetrahedron formed through non-lacu-
nary g-isomers within the POM family of compounds. A handful
of large tetrahedron forms have been reported for polyanions, but
they only occurs through Dawson lacunary clusters?>-3° 34 or other
lacunary fragments.?’-8 35-3 Only one compound reported by
Hussain et al. contains direct linkages between the B-Keggin iso-
mer [(B-Ti2SiW10039)4]**~ but forms a circular wheel instead of a
larger tetrahedral unit.%” The wheel also contains three K* ions, one
present in the central cavity and another two act as “wheel caps”.
The presence of the Ti** cations as a surface reactive species was
found to be key to the formation of this larger Keggin-based cluster
as it provides an avenue for additional hydrolysis and condensation.

Additional chemical characterization of this system confirms
the heteroatom content and the presence of the oligomerized
GesAlss cluster in thermally aged solutions. Solid-state crystals
were dissolved in an acidic solution and the elemental content was
analyzed by ICP-MS. The theoretical Al:Ge ratio for the
GesAlsg®* cluster is 12 and our experimental value was 12.43+ 0.45
(Table S1), which is within error of the expected value. Formation
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of the GeaAlsg?** tetramer in solution was also supported by the hy-
drodynamic diameter measurement of Keggin ions by Dynamic
Light Scattering (DLS) measurements (Fig. 2). The unaged, par-
tially hydrolyzed Ge**/AI®* stock solution displays one peak in the

— 7 days aged GeAl,, solution
126

8.4

42

0.0
—— GeAl,, Solution

Intensity (%)

1 10
Hydrodynamic diameter (nm)

Figure 2. Particle size distribution from DLS of as prepared
GeAl12 solution and after aging 7 days at 90 °C.

DLS plot with a peak centroid at 1.2 nm. This value is consistent
with the theoretical value for the size of e-GeAl12 cluster. Upon
thermal aging, the single peak in the DLS plot broadens and shifts
to a higher particle size. The peak centroid in the aged solutions is
at 2.8 nanometers, which is now consistent with the formation of
the GesAlsg?* tetramer.

One important aspect of the formation of the GesAlss?®* te-
tramer is the divergence from the previously studied AI®* and
AlPF*/Ga®* systems.> ¥ Oligomerization within these systems ini-
tially begins with the conversion of the e-Keggin form to the -
isomer. Previous studies have postulated that rotated trimer of the
8-Aliz and 8-GaAl1z is a reactive site, which can form larger clus-
ters by self-condensation p2-OH bridging or use of additional Al
octahedra to link fragments together.> 1° In the AI®*/Ge** system
there is no experimental evidence for the formation of the &-isomer
and the GesAlsg?®* tetramer offers the glimpse into the structural
features of the condensation product within this system. Our initial
hypotheses regarding the formation of the GesAlsg?®* tetramer is
that the e-GeAl12 synthon has reactive terminal H20 groups that
allow for condensation into GesAlss?**. We use Density Functional
Theory (DFT) calculations to test this hypothesis and provide ad-
ditional insights into the system.

The surface reactivity of the e- and 3-isomers for Aliz and
GeAlz2 clusters was investigated to further evaluate the condensa-
tion process. We have previously used modeled outer-sphere ad-
sorption of sulfate as a probe of cluster surface reactivity. In some
cases, the adsorption leads to the deprotonation of different surface

sites over the course of geometry optimization, thus identifying rel-
atively labile protons While sulfate anions are not present in the
thermally aged solution, they are effective as a probe adsorbate to
identify the most acidic proton that can act as the driving force for
the formation of this tetramer. This modeling approach has been
applied to the 8-GaAl12 cluster, where it was used to establish that
the driving force for oligomerization is deprotonation of the rotated
trimer.> Here, we again use modeled adsorption with a sulfate probe
to study how Ge** substitution effects on surface reactivity (in
terms of adsorption energies and ease of deprotonation) of the € and
d-isomers for the Aliz and GeAli2 and the formation of GeaAlss?*
(additional details in SI).

We model sulfate-cluster interactions starting from two chem-
ically-distinct starting configurations (referred to as Sites 1 and 2)
for e-Al13 and e-GeAl12 Keggin clusters (Fig. 3b). In Site 1, the an-
ion is positioned to interact with two terminal n:-H20 groups on
two different Als(OH)s(H20)3 trimers, corresponding to point
where the e-GeAl12 Keggin clusters oligomerize into the GesAlsg?®*
tetramer. In Site 2, the sulfate anion can engage with a mixture of
n1-H20 and p2-OH groups on the surface of one Als(OH)s(H20)s
trimer unit. We compare changes in the Mulliken population (AQm)
to deprotonation events. Of the four e-Keggin interactions, only
Site 1 sulfate interactions with e-GeAls2 (Table S2 and Figure 2)
result in deprotonation and a Agm value greater than 0.50 e. All
other interactions have Agm values of less than 0.50 e and did not
exhibit deprotonation, similar to previous observations on Keggin-
anion interactions.> 3. 38

To bridge the understanding between isomers and heteroatom
identity with regard to condensation reactions, we also assessed the
8-isomers for GeAl1z and Alis using the sulfate anion as our probe
adsorbate (Table S3 and Figure S1). The g-isomer has four equiva-
lent edge-sharing trimers whereas the 3-isomer has three edge-shar-
ing trimers and one rotated, corner-sharing trimer. The number of
corner- versus edge-trimers influences the surface reactivity of the
nanocluster. For the 8-isomer, three chemically distinct sites can be
found on Keggin surface that correspond to interactions with ni-
H20 and p2-OH groups on the different Als(OH)s(H20)s3 units. For
8-Al1s, deprotonation only occurs associated with the reactive tri-
mer (rotated Als(OH)s(H20)s group), whereas higher charge trans-
fer and deprotonation is observed for all sites on the 5-GeAls2 clus-
ters (Table S3). Our calculation confirms that deprotonation events
for the reactive site on the §-Alis leads to the formation of Alzs, Also
or Als;. However, the high charge transfer on all surface sites as-
sociate the 3-GeAl12 cluster suggests that random condensation will
occur and likely form amorphous precipitates.

In summary, we have reported the synthesis and characteriza-
tion of a new cationic POM tetramer (GesAl4g?°*) composed solely
of e-Keggin units without any lacunary features or organic linkers.
DLS experiments indicate that this large tetramer occurs in partially
hydrolyzed solutions containing AI®* and Ge** after thermal aging
for seven days. DFT calculations indicated that Ge** substitution at
the central tetrahedral site of the Keggin topology is key to the for-
mation of the tetramer because it specifically deprotonates n:-H20
to form symmetric p2-OH bridges, which can be linked to the for-
mation of the tetramer. This work has demonstrated the importance
of the metal cation identity to control stability and reactivity, even
when it is located at the center of the Keggin cluster. More broadly,
it provides additional details in the nucleation process of metal ox-
ide and hydroxide phases from POM synthons that can be used to
provide additional controls on the development of functional mate-
rials.
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ABSTRACT: Keggin-type polyaluminum cations
belong to a unique class of polyoxometalates (POMs)
with their large positive charge, hydroxo bridges,
and divergent isomerization/oligomerization.
Previously reported oligomerizations of the
polyaluminum cations were driven solely by the §-
Keggin isomer, which created Aly, Als,, and Als
dimeric species. We herein report the isolation of
largest ever Keggin-type structure for this system
through a unigue mode of self-condensation among
four E-GeA'lszr to form [NaGe4016AI43(OH)108(H20)24]21+
(GesAlys). Elemental analysis confirms the Ge**
substitution, and dynamic light scattering
experiments indicated that these larger species
exist in the thermally aged solutions. DFT
calculations have revealed that a single atom Ge
substitution in tetrahedral site of €-Al;5’* is the key
for the formation this cluster because it activates
the deprotonation at certain octahedral sites to
assist self-condensation in a specific mode.

Since the discovery of Keggin-type
polyoxometalates (POMs) in 1933, chemists and
material scientists have been fascinated by their
unique structural features and applications in
energy, medicine, and water purification. The Keggin
topology was first identified as a phosphotungstate
and contains a central tetrahedrally coordinated

cation encapsulated by 12 additional metal
octahedra that are bridged through OH- or O*
groups. The exterior metal cations can connect via
shared edges or corners, which leads to five
different isomeric (a, B, v, 8, and €) forms. The chemical
diversity for anionic POMs is vast, with the five Keggin
isomers formed by octahedrally coordinated V, Mo,
W, Nb, and Ta ions incapsulating P, Si, Ge, or As
cations.? Structural topologies associated with
cationic aluminum-based POMs are notably less
diverse, with over 90% of the known species related
to the §-, and e-Keggin topology cations. Chemical
diversity for the cationic aluminum POMs are also
much more limited than what is observed for the
anionic species, with only Ga** and Ge** full
substitution reported for the tetrahedral position and
Ga’* and Cr3** partial substitution reported in
octahedral position.>® The chemical diversity of the
Keggin-topology and the reactivity of these
nanoscale clusters has resulted in their use within
industrial catalysis and water purification.”®
Additional efforts are ongoing to explore their use as
metallodrugs for cancer treatement'®, electrodes for
Li* batteries and energy storage!!'?, multifunctional
sensor’® and redox-based nonvolatile memory
materials*, The metal oxo Keggin clusters
containing aluminum, iron and others have also
been found in natural systems and believe to control
different geochemical processes.*>?’



Keggin isomers can also undergo additional
hydrolysis reactions or coordination with linkers
that result in the formation of larger (>1 nm)
oligomers. For the anionic POMs, formation of
lacunary structures based upon the o- and B-
Keggin motif results in the formation of these
larger clusters, with the Wells-Dawson topology as
a well-known example. Additional linkages occur
through use of either organic linkers'® or
octahedral/heteroatom substitution®® to create an
array of larger anionic POMs based upon two to
four Keggin clusters. For polyaluminum Keggin
cations, the &-isomer is the only known synthon
and either condenses to form the Al species or
bridges through additional aluminum octahedra to
create only two additional topologies (Als, or

POM topologies contains only contains two Keggin
units and reflects a lack of understanding on the
condensation process within the AI** system.

Previous studies have demonstrated that
heteroatom substitution is important for the
oligomerization process and can lead to a new
understanding of the condensation process for
cationic POMs. For example, Mothé-Esteves et al.,
indicated that octahedral substitution in Keggin
units within anionic POMs can enhance formation
of reversible H-bond with other units, which
further can condensate into bridging oxygen bond
between two metals.?® This strategy has been
employed to synthesize trimers 2*2* and
tetramers?*3° of lacunary or tri-lacunary Keggin
units within polyanionic

Als;).1%2°  Currently, the largest known cationic
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Figure 1. (a) Polyhedra representation of NaGe,Al,s*>'* Keggin cluster with AP?*, Ge** and Na*
represented in blue, purple, and yellow, respectively. (b) Ball and stick representation for the formation of

NaGe:, A lz;l

from individual e-GeAl,®* building block. The surface H,O groups that have undergone

self-condensation are depicted by translucent red spheres.

POMs. In the case of cationic systems, previous
computational work3! and experimental
observations®3* demonstrated that tetrahedral
heteroatom substitution at center of Al;3’* Keggin
can tune the chemical behavior of terminal H.O
groups attached to octahedral metal ions. This
surface reactivity is vital to the condensation
process and may be utilized as synthetic strategy
in AP* Keggin systems to generate larger POMs
with novel chemical properties.

In the present study, we describe the synthesis
and characterization of a giant (~2.4 nm) Keggin-
type aluminum 0X0 polycation
[NaGes016Alas(OH)108(H20)241*** (GeaAlss) composed
of four e-GeAl:; Keggin units, without the use of
lacunary structures or organic linkers. Additional
investigations of the solution phase using

Dynamic Light Scattering (DLS) provides evidence
of the larger cluster within the solution phase.
Density Functional Theory (DFT) calculations also
provide an energetic understanding of the
formation pathway and additional insights into the
role of the counterions in the hydrolysis and
condensation processes.

The Ge.Alss cluster was synthesized by thermal
aging of an aqueous solution containing AI** and
Ge** cation. Initially, a mixed AlI**/Ge*" solution
was partially hydrolyzed at 80 °C, which is the
standard procedure for forming the
[GeO4A|120H24H2012)]8+(£'GeAI12) Keggin.4
Evaporation of the solution at this point with
addition of selenate anions results in the
crystallization of the [GeOsAl12(OH)24(H20)1,]
(Se0.)s 14 H,0 phase. Additional thermal aging of

2




this solution at 90 °C for seven days, followed by
addition of the 2,6- napthalenedisulfonate (2,6-
NDS) ion yielded small, transparent crystals of
[NaGe4016Al48(OH)108(H20)24](2,6-NDS);Cl7(H20)4s5
with approximate yields of 15% based on A3+,

Structural features of the solid-state material
was analyzed using single crystal X-ray diffraction
and indicated that the Ge,Als;s cluster is based
upon the e&-Keggin unit. Each e€-isomer s
composed of a tetrahedral Ge(0),4 unit surrounded
by 12 AI(OH)s octahedra that are connected via
edge-sharing p2-OH groups between
Al3(OH)¢(H,0)s trimers (Fig. 1). The Ge-O bond
distances ranged from 1.760(11) to 1.806(10) A
and are similar to the isolated e-GeAl,®* Keggin
(Ge-O = 1.809(8) A).* GesAlss is formed when four
€-GeAl;; units are linked via twelve p,-OH bridging
groups (two linkages per trimeric unit) in a
tetrahedral (T,) arrangement. A 0.9 nm cavity
exists at the center of the GesAlss cluster, but X-
ray diffraction could only identify a single Na*
cation within this space. The [Na(GesAlss)]*** unit

is charge balanced by seven 2,6-
napthalenedisulfonate and seven chloride ions for
an overall compound formula of

[NaGe4016Al45(OH)108(H20)24](2,6-NDS);Cl7(H20)as.
The 2,6-napthalenedisulfonate ions are arranged
within two separate channels in the [010] and
[101] directions. These anions aid in the
crystallization of the GesAlss cluster by engaging in
both m—m interaction between the naphthalene
rings and electrostatics with the positively
charged clusters.*®

The structural topology observed in GesAls is
unique because it is the only giant cationic
tetrahedron formed through non-lacunary e-
isomers within the POM family of compounds. A
handful of large tetrahedron forms have been
reported for polyanions, but they only occurs
through Dawson lacunary clusters®-3% 3* or other
lacunary fragments.?’?® 3536 Only one compound
reported by Hussain et al. contains direct linkages
between the B-Keggin isomer [(B-Ti2SiW10030)4]?*"
but forms a circular wheel instead of a larger
tetrahedral unit.*” The wheel also contains three
K* ions, one present in the central cavity and
another two act as “wheel caps”. The presence of
the Ti** cations as a surface reactive species was
found to be key to the formation of this larger
Keggin-based cluster as it provides an avenue for
additional hydrolysis and condensation.

Additional chemical characterization of this
system confirms the heteroatom content and the
presence of the oligomerized GesAlss cluster in
thermally aged solutions. Solid-state crystals
were dissolved in an acidic solution and the
elemental content was analyzed by ICP-MS. The
theoretical Al:Ge ratio for the GesAl4s?°* cluster is
12 and our experimental value was 12.43+ 0.45
(Table S1), which is within error of the expected
value. Formation of the GesAl;s*®* tetramer in
solution was also supported by the hydrodynamic
diameter measurement of Keggin ions by Dynamic
Light Scattering (DLS) measurements (Fig. 2). The

unaged, partially hydrolyzed Ge**/AP* stock

solution displays one peak in the

— 7 days aged GeAl,, solution
12.6 |-

8.4

42+

0.0
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Hydrodynamic diameter (nm)

Figure 2. Particle size distribution from DLS of
as prepared GeAl;; solution and after aging 7 days
at 90 °C.

DLS plot with a peak centroid at 1.2 nm. This
value is consistent with the theoretical value for
the size of €-GeAl;, cluster. Upon thermal aging,
the single peak in the DLS plot broadens and
shifts to a higher particle size. The peak centroid
in the aged solutions is at 2.8 nanometers, which
is now consistent with the formation of the
Ge,Alg*°* tetramer.

One important aspect of the formation of the
GesAl*°* tetramer is the divergence from the
previously studied AI** and AI**/Ga** systems.> *°
Oligomerization within these systems initially
begins with the conversion of the e-Keggin form to
the &-isomer. Previous studies have postulated
that rotated trimer of the 6-Al;; and 6-GaAl;; is a
reactive site, which can form larger clusters by
self-condensation p,-OH bridging or use of
additional AP* octahedra to link fragments
together.> '* In the AP*/Ge** system there is no
experimental evidence for the formation of the 6-
isomer and the Ge,Al?®* tetramer offers the
glimpse into the structural features of the
condensation product within this system. Our
initial hypotheses regarding the formation of the
GesAls®®t tetramer is that the e-GeAl;; synthon
has reactive terminal H,O groups that allow for
condensation into GesAl;s*°*. We use Density
Functional Theory (DFT) calculations to test this
hypothesis and provide additional insights into the
system.



The surface reactivity of the - and 6-isomers
for Al and GeAl, clusters was investigated to
further evaluate the condensation process. We
have previously used modeled outer-sphere
adsorption of sulfate as a probe of cluster surface
reactivity. In some cases, the adsorption leads to
the deprotonation of different surface sites over
the course of geometry optimization, thus
identifying relatively labile protons While sulfate
anions are not present in the thermally aged
solution, they are effective as a probe adsorbate
to identify the most acidic proton that can act as
the driving force for the formation of this tetramer.
This modeling approach has been applied to the
6-GaAly, cluster, where it was used to establish
that the driving force for oligomerization is
deprotonation of the rotated trimer.® Here, we
again use modeled adsorption with a sulfate
probe to study how Ge** substitution effects on
surface reactivity (in terms of adsorption energies
and ease of deprotonation) of the € and 6-isomers
for the Al;; and GeAl;; and the formation of
Ge,AlLg?° (additional details in SI).

We model sulfate-cluster interactions starting
from two chemically-distinct starting
configurations (referred to as Sites 1 and 2) for €-
Ali3 and e-GeAl; Keggin clusters (Fig. 3b). In Site
1, the anion is positioned to interact with two
terminal n:-H,O groups on two different
Al;(OH)¢(H.,0); trimers, corresponding to point
where the e-GeAl,; Keggin clusters oligomerize
into the Ge,Al,g?°* tetramer. In Site 2, the sulfate
anion can engage with a mixture of n;-H,O and .-
OH groups on the surface of one Al;(OH)s(H20);
trimer unit. We compare changes in the Mulliken
population (Agm) to deprotonation events. Of the
four e-Keggin interactions, only Site 1 sulfate
interactions with £-GeAl:; (Table S2 and Figure 2)
result in deprotonation and a Agm value greater
than 0.50 e. All other interactions have Agn values
of less than 0.50 e and did not exhibit
deprotonation, similar to previous observations on
Keggin-anion interactions.> 3! 38

To bridge the understanding between isomers
and heteroatom identity with regard to
condensation reactions, we also assessed the b&-

isomers for GeAl; and Ali; using the sulfate anion
as our probe adsorbate (Table S3 and Figure S1).
The e-isomer has four equivalent edge-sharing
trimers whereas the 6-isomer has three edge-
sharing trimers and one rotated, corner-sharing
trimer. The number of corner- versus edge-trimers
influences the surface reactivity of the
nanocluster. For the &-isomer, three chemically
distinct sites can be found on Keggin surface that
correspond to interactions with n;-H,O and p,-OH
groups on the different Al;(OH)s(H,O)s units. For 6-
Ali;, deprotonation only occurs associated with the
reactive trimer (rotated AIs(OH)s(H>O)s group),
whereas higher charge transfer and deprotonation
is observed for all sites on the 6-GeAl,; clusters
(Table S3). Our calculation confirms that
deprotonation events for the reactive site on the
6-Al:; leads to the formation of Aly, Alse or Als,.
However, the high charge transfer on all surface
sites associate the 8-GeAly; cluster suggests that
random condensation will occur and likely form
amorphous precipitates.

In summary, we have reported the synthesis
and characterization of a new cationic POM
tetramer (GesAls*°*) composed solely of €-Keggin
units without any lacunary features or organic
linkers. DLS experiments indicate that this large
tetramer occurs in partially hydrolyzed solutions
containing APP* and Ge** after thermal aging for
seven days. DFT calculations indicated that Ge**
substitution at the central tetrahedral site of the
Keggin topology is key to the formation of the
tetramer because it specifically deprotonates ns-
H.O to form symmetric p,-OH bridges, which can
be linked to the formation of the tetramer. This
work has demonstrated the importance of the
metal cation identity to control stability and
reactivity, even when it is located at the center of
the Keggin cluster. More broadly, it provides
additional details in the nucleation process of
metal oxide and hydroxide phases from POM
synthons that can be used to provide additional
controls on the development of functional
materials.



e-Al,;-SO, Site 1

g-Al,;-SO, Site 2

Figure 3. Different surface sites of €- GeAl,, and e- Al;; interacting with SO,* ion. The
abstracted proton is highlighted with a green circle. Blue and purple polyhedra are used to
represent Al and Ge atoms, respectively. Red, yellow and white balls are used to represent O,
S, and H atoms, respectively.
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The proposed mechanism for the formation of tetrameric Na[Ge;016Al18(OH)108(H20)2412%*
(NaGe,Alqs®tt) resulting from self-condensation of e-GeAl,8* upon thermal aging.
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