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Thermodynamic integration method

As mentioned in the main text that the free energy (∆G) profiles of the oligomerization

reactions were obtained by thermodynamic integration using eq.1

∆G =

∫ r2

r1

⟨F (r)⟩ dr (1)

We calculated the constraint force (F ) at a fixed value of the reaction coordinate (r) to

investigate the free energy profiles of condensation reactions. The integral limits (r1 and

r2) were obtained from the unconstrained AIMD simulations where the forces were typically

zero. We provided an example of three different condensation reactions (trimer, 3-ring, and

4-ring) in Table S1. To obtain the free energy profiles, we plotted the integral for each

reaction step with the reactant state as the reference, as shown in Fig S1. In the first

reaction step, the two silicate molecules were far apart in the reactant state and formed a

Si-OSi bond in the product state. As the reaction proceeded, the distance between the two

molecules decreased (r1 > r2). Therefore, the value of r1 was larger than r2 in the first step.

Conversely, in the second reaction step, the reactant state was at the Si-O bonding state,

and the product state was when the Si...O distance was far away. As the reaction proceeded,

the distance between the two molecules increased (r1 < r2).

Table S1: Example of integration limits of the reaction coordinate r1, r2 obtained by
unconstrained AIMD simulations.

Formation of silicate Reaction step r1 (Å) r2 (Å)
Trimer First step 3.77 1.84

Second step 1.74 3.82
3-ring First step 3.79 1.78

Second step 1.81 3.77
4-ring First step 3.75 1.77

Second step 1.77 3.72
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(a) First reaction step
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(b) Second reaction step

Figure S1: Mean force of constraint, free energy values vs the reaction coordinates for
selected reactions for form trimer, 3-ring and 4-ring obtained with AIMD simulations
using CP2K. See the main text for more details.
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Radial distribution function of water

The radial distribution function of Ow-Ow and Ow-Hw was calculated with AIMD and plot-

ted in Fig S2. As described in the main text, we employed PBE with Grimme D2S1 correc-

tion for dispersion interaction. To compare with literature, we also adopted the calculation

from SCAN functional and experimental data from SCAN functionalS2 and experimental

resultsS3,S4 is presented.
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Figure S2: Radial distribution function of Ow-Ow and Ow-Hw of water calculated with
AIMD using BLYP-D2 functional. RDFs profiles obtained from SCAN functional and
experimental data are also included for comparison. Excellent agreement between these
methods is shown.
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Molecular orbital of silicate structures

Structure HOMO LUMO

Dimer
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3-ring

Figure S3: HOMO and LUMO orbitals of the silicate product of dimer, trimer and
3-ring species
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Structure HOMO LUMO
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Figure S4: HOMO and LUMO orbitals of the silicate product of linear tetramer,
branched tetramer and 4-ring species

An illustration of highest occupied molecular orbital (HOMO) and lowest unoccupied molec-

ular orbital (LUMO) of all six silicate structures studied in this work.
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Bonds and angles of 3-ring and 4-ring structures

The bonds and angles in the 3-ring and 4-ring structures obtained by AIMD simulations.

See the main text for more details.
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Figure S5: Structure of 3-ring and 4-ring product species during AIMD simulations.
The water molecules around the silicate was removed for a better visualization. For
a comparison with previous DFT calculations, selected bond lengths and angles were
calculated and presented in Table S2
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Table S2: Selected bond lengths and angles of the 3-ring and 4-ring silicate products ob-
tained by AIMD simulations. The silicate structure is depicted in Fig S5. The minimums
and maximums are calculated to compare with previous static DFT calculations.S5 The
last column presents the average values during the last 10ps run of AIMD.

3-ring Static DFTa AIMD (this work) AIMD average (this work)

distance (Å) O-H 0.99 - 1.10 0.937 - 1.140 1.003 ± 0.038
distance (Å) Si-Ot 1.65 - 1.68 1.546 - 1.744 1.652 ± 0.044
distance (Å) Si-Ob 1.69 - 1.70 1.546 - 1.753 1.659 ± 0.044
angle (◦) ObSiOb 102.2 - 103.9 98.126 - 116.647 108.144 ± 4.980
angle (◦) OtSiOt 110.7 - 116.4 95.720 - 123.083 108.146 ± 4.361
angle (◦) SiOH 110.9 - 128.8 103.302 - 132.836 116.329 ± 6.731

4-ring Static DFTb

distance (Å) O-H 0.99 - 1.08 0.914 - 1.096 0.988 ± 0.032
distance (Å) Si-Ot 1.64 - 1.71 1.553 - 1.729 1.646 ± 0.039
distance (Å) Si-Ob 1.64 - 1.70 1.530 - 1.811 1.649 ± 0.049
angle (◦) ObSiOb 104.9 - 108.8 93.509 - 118.443 106.810 ± 6.551
angle (◦) OtSiOt 108.4 - 116.3 93.509 - 125.359 109.435 ± 5.476
angle (◦) SiOH 117.6 - 124.8 95.081 - 179.668 124.032 ± 17.514

a using 16 water molecules; b using 18 water molecules.
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