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COMPUTATIONAL METHODS AND EXPERIMENTAL SECTION

Computational Methods. AIMD simulations were conducted using the Quickstep module of the CP2K-7.1 package.l 2 The Becke-Lee-
Yang-Parr (BLYP) density functional, coupled with Grimme's D3 empirical dispersion correction, was employed, as previous studies
indicate its effectiveness in examining the behavior of aluminum polyoxocations in agueous environments.37 To accurately depict the
potential near the nucleus, the Goedecker-Teter-Hutter (GTH) pseudopotential was utilized.8 A hybrid Gaussian and Plane Wave (PW)
approach was adopted, featuring a double Z-valence enhanced polarization Gaussian basis set and the PW expansion of the charge
density with a cutoff energy of 300 Ry. 2 10 The self-consistent field method achieved convergence with an accuracy of 10 au.
Additionally, AIMD simulations were performed in a canonical ensemble (NVT) at 363 K, with the temperature regulated by a Nose-
Hoover thermostat. The time step for nuclear motion in the AIMD was set to 0.5 fs. 11,12

Model Setup and Details for AIMD Simulation. The Al cubic box measures 25 A x 25 A x 13 A and contains 1 Alyg molecule and 247
H,O molecules, totaling 830 atoms, with a density of approximately 1 g cm-3. The system has a net charge of +7, and a compensation
gel background is included to prevent divergence. All starting reactants are pre-equilibrated for at least 2 ps. 13

Well-Tempered Metadynamics. For the well-tempered ab initio metadynamics simulations, a Gaussian hill with a width of 0.2 and an
initial height of 15.1 k) mol! was incorporated into the two-dimensional path (pp) variables defined in PLUMED-2.9.0.14 The reference
path connecting the reactants and products consisted of nine equally spaced points within the two critical distances. Then, two
collective variables (CVs) were used in pMtD to measure the following: (i) the progress of the system along the reference path (S) and
(ii) the distance of the sampled configurations from the path (Z).1> Wall constraints were implemented to ensure the plausibility of the
metadynamic structure. The results from the well-tempered metadynamics were analyzed using the metadynminer package.

Static Calculations and Topological Analysis. All static calculations were conducted with Gaussian 16.1° The geometry optimization and
frequency calculations were carried out at the B3LYP/6-31g(d) level, incorporating the D3 empirical dispersion correction and a
polarizable continuum model (PCM) to account for solvent effects.1” The absence of imaginary frequencies in the vibrational frequency
analysis post-geometry optimization confirmed the stability of the conformation. Single-point energies were determined at the
PBE/def-TZVP level. The interaction between O and Al was investigated via topological analysis of the electron density, as per the
quantum theory of atoms in molecules. The characteristics of the Al-O ligand bond were described using various electron densities at
bond critical points (BCPs), with the topological analysis descriptors being computed by Multiwfn software.18 19

Synthesis. The £-Aly3 solution was prepared by gradually adding aluminum powder to the AICI5 (or AI(NOs)3) solution. The temperature
of synthesis was 70 °C to ensure a complete reaction of the aluminum powder. Subsequently, the solution was placed at room
temperature and subjected to filtration. The obtained Al3*/Al molar ratio of the £-Aly3 solution was 4.5 (while the molar ratio of Al3*/Al
was 2.0 in the AI(NOs)s3 solution). The target sample was prepared using 5 mL of a stock solution of 0.5 M g-Al;3 and various HCI/HNOs.
The specific solution composition, aging duration, and aging temperature are shown in Tables S1 and S2. The concentrated system was
prepared by rotary evaporation of 15g of solution at 40 °C until half of its original mass was obtained.

Characterization. The liquid sample 2’Al NMR spectra were acquired on a Bruker Avance 500 MHz spectrometer, and the solid-state
27A1 (150.03 MHz) CP MAS NMR spectra were performed on a Bruker WB 600 spectrometer at 300 K with a 4.0 mm double channel
probe head. Samples were carefully packed into a 4.0 mm cylindrical zirconia rotor with Kel-F caps. 2’Al spectra were originally
calibrated with an aluminum nitrate solution as the standard sample. The 2’Al CP/TOSS (total suppression of sidebands) and 27Al
CP/TOSSNQS (non-quarternary suppression) experiments were performed with a spinning speed of 15 kHz, and recycle delays of 5 s
were applied. Wide-angle X-ray scattering (WAXS) data were obtained from Xenocs' in-house X-ray scattering beamline, Xeuss 3.0,
France. Mass spectrum (MS) was recorded on a Bruker Impact Il high-definition mass spectrometer, quadrupole, and time-of-flight
(Q/TOF) modules in positive ion mode. Typical measurement conditions are as follows: end plate offset = -500 V; dry gas =4 L min~1,
nebulizer = 0.4 bar, capillary voltage = 2600 V.
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Fig. S1. IR spectra of the titration process of £-Al13-NOjs solution and Flat-Alis crystal.
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Fig. S2. Raman spectra of the titration process of e-Al13-NOs solution and Flat-Al1; crystal.
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Fig. S3. ESI-MS spectra of the titration and concentration process of e-Al13-Cl solution.
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Fig. S4. The structure of each intermediate of the Cage-to-Flat-Al,o transformation
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Fig. S5. The pH of the acid titration process of €-Al13-Cl solution.
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Fig. S6. The solid Al NMR spectra of Al(H20)¢>*.
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Fig. S7. The structure of each intermediate of on the dissociation of Cage-Al:o before and after protonation.
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Table S1. Sample composition of e-Al13-Cl with different HCI concentrations.

sample -Alis-Cl &-Al13-Cl- &-Al13-Cl- &-Al13-Cl- &-Al13-Cl- &-Al13-Cl-
P 1 oM 2M 3M am 5M
5ml0.5M 5ml0.5M 5ml0.5M 5ml0.5M
5ml0.5M
concentra  5ml 0.5 M ¢- -AliaCl &-Al13-Cl &-Al13-Cl &-Al13-Cl &-Al13-Cl
tion Al13-Cl 0 Smﬁ_' o 05mi2M  05mi3M  0.5ml4M  0.5mI5M
: g HCl HCl HCl HCl
aging 3h 3h 3h 3h 3h 3h
duration
aging
temperat 40 °C 40 °C 40 °C 40 °C 40 °C 40 °C
ure
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Table S2. Sample composition of £-Al13-Cl under different titration rates.

sample &-Al13-Cl-10ulL &-Al13-Cl-50ulL &-Al13-Cl-200uL &-Al13-Cl-600uL
5ml 0.5 M g-Al1z-  5ml 0.5 M g-Alis-  5ml 0.5 M g-Alis-  5ml 0.5 M g-Al3-
concentration cl cl cl cl
0.5ml 2M HCI 0.5ml 2M HCI 0.5ml 2M HCI 0.5ml 2M HCI

titration speed 10ul min? 50ul min! 200ul min? 600ul min?
aging duration 3h 3h 3h 3h

aeing 40°C 40°C 40°C 40°C
temperature
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Table S3. Aluminum species identified from ESI-MS

e . . Exp( &-Aly3-Cl-
Identified Assignments Sim. Exp.(g-Al1s) Exp.(g-Al13-HCI) concentration)

Al13 Al13023Ho?* 362.9 361.6113 361.6166
Al13 Al1302:H7%* 355.0 355.6168 355.6129 355.61
Alg Al4014H17* 349.0 349.6048 349.6092 349.6156
Al1s Al13020H3?* 337.0 335.9371
Al1s Al13025H14% 255.0 255.4682 254.9433 255.4683
Alz AlzO10H12* 253.0 252.9365
Al Al13032H29% 223.0 222.9612
Al13 Al13018% 213.0 212.9327
Al Al10019H 113 195.0 194.9611 194.9689
Al1s Al13035H37% 157.6 158.0053 158.0026 158.0075
Al1o Al10026H27° 142.6 143.0398 143.0416
Al1s Al13033H347 130.4 130.0054 130.0377 130.0051
Alz Al204H3* 121.0 120.0234
Al AlOsH* 103.0 102.0128
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Atomic coordinates
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(0] -1.19170000
H -1.05980200
0] 0.27801200
H -0.42339500
Al 0.00014400
H 1.17621000
H 2.23334900
H 2.12792500
H -1.17587900
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