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The formation of silicate oligomers in the early stages is key to zeolite synthesis. The pH and
the presence hydroxide ions are important in regulating the reaction rate and the dominant species
in solutions. This paper describes the formation of dimer to 4-ring silicate species using ab-initio
molecular dynamics simulation in explicit water molecules with an excess hydroxide ion. The ther-
modynamic integration method was used to calculate the free energy profile of the condensation
reactions. The hydroxide group’s role is not only to control the pH of the environment, but also
to actively participate in the condensation reaction. The results show that the most favorable re-
actions are linear tetramer and 4-ring formation, with overall barriers of 71 kJ/mol and 73 kJ/mol,
respectively. The formation of trimer silicate with the largest free energy barrier of 102 kJ/mol is the
rate-limiting step in this condition. The excess hydroxide ion aids in the stabilization of the 4-ring
structure over the 3-ring structure. Due to a relatively high free energy barrier, the 4-ring is the most
difficult of the small silicate structures to dissolve in the backward reaction. This study is consistent
with the experimental observation that silicate growth in zeolite synthesis is slower in a very high pH
environment.

1 Introduction

Zeolites are nanoporous aluminosilicate materials widely used
in various industrial applications making use of their catalytic
and separation properties1. Zeolites are typically synthesized
from aqueous gel solutions containing various heteroatomic com-
pounds, with inorganic and/or organic cations acting as direct-
ing agents of the structures. Numerous experimental2–10 studies
have focused on the nature and structure of the silicate oligomers
in solution, as understanding the formation of silicate oligomers
in the initial stage is key to zeolite synthesis11,12. The ini-
tial steps for silicate oligomerization were also extensively stud-
ied in computational studies using a continuum13–23 or explicit
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model11,24–27 of water. A common pathway of the oligomer-
ization reaction is a two-step mechanism with an initial forma-
tion of a penta-coordinated intermediate, followed by a water
removal stage24,25,28–32. Earlier studies (e.g. Refs24? ,25) have
shown that it is crucial to include the effect of thermal motion
and the presence of explicit water molecules, when modeling
aqueous chemical reactions that involve solvent molecules that
strongly bind to the reagents, or actively participate in the reac-
tion mechanism. The overall picture of free energy profiles and
mechanism could change significantly with dynamic and explicit
treatment of solvent. Ions have an important role in the sili-
cate condensation reaction. For example, organic cations (such as
tetramethylamine (TMA+), tetraethylamine (TEA+), tetrapropyl
amine(TPA+)) were shown to have a decisive role in the forma-
tion of dominating silicate spices during the initial state of zeolite
formation33,34. Computational studies indicated that inorganic
cations (such as Li+, Na+, NH +

4 ) also have a substantial impact
on the activation barrier of the condensation reaction25,28. Fur-
thermore, pH is recognized as one of the most important param-
eters for controlling the kinetic and structural aspects of silicate
oligomerization. Neither an extremely high nor an extremely low
pH is required for silicate oligomerization to occur at its fastest
rate35. According to experiments, the silicate oligomerization
rate is maximal at pH ≈ 836,37. The first acid dissociation con-
stant of silicic acid at 298 K is pKa1 = 9.8438. At basic conditions,
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the equilibrium between silicic acid Si(OH)4 and its deprotonated
form Si(OH)3O– is given by 1:

Si(OH)4 +OH− = Si(OH)3O−+H2O (1)

After the deprotonation step of silicic acid, the first silicate con-
densation reaction proceeds via 2:

Si(OH)4 +Si(OH)3O− = Si2O7H −
5 +H2O (2)

However, in the presence of an excess of hydroxide ions, an
alternative pathway involving two negatively charged silicate
monomers is possible via 3:

Si(OH)3O−+Si(OH)3O− = Si2O7H 2−
4 +H2O (3)

Previous studies29,39 mostly neglecting pathway 3 and ac-
counted for the role of hydroxide ions via the ratio between the
Si(OH)4 and Si(OH)3 in equilibrium. This simplification captures
the microkinetic model of the condensation process and assumes
that the presence of OH– has no effect on the condensation re-
action’s reaction barrier29. Understanding the pH effects of the
presence of anions in solution is an important area of research.
For example, Biswas et al.40,41 utilized metadynamics simulations
to study the deprotonation process of organic ions in various sol-
vents. Their findings shed light on the influence of solvent com-
position on the deprotonation reaction and highlighted the role
of solvent dynamics in the proton transfer mechanism. However,
there has been little research into how OH– interacts with reac-
tive species during silicate oligomerization.

In this work, ab-initio molecular dynamic (AIMD) simulations
were performed to study the formation of silicate oligomers in the
presence of an excess OH– ion in aqueous solution, incorporating
the water molecules explicitly. The free energy profiles of the
reaction pathways to different silicate oligomers, from dimer up
to 4-ring species, were obtained. Details of the pathways and
associated free energy profiles will be discussed. We will provide
evidence for an active role of the OH– ion in the condensation
reaction, and will show that the rate-limiting step of the process
is the formation of the trimer structure. This might explain why
the silicate condensation reaction is not favorable at very high pH,
as observed in the experiment.

2 Simulation Method
Our computational setup was similar to that of earlier compu-
tational studies of silicate oligomerization reactions in aqueous
solution24,25,28. The ab-initio molecular dynamic simulations are
based on a density functional theory (DFT) description of the elec-
tronic structure. We employed the CP2K package42 to carry out
the molecular dynamics simulation using a Born-Oppenheimer
approach as implemented in the Quickstep module43. Here,
Goedecker-Teter-Hutter (GTH) pseudopotentials44,45 are used to
account for the interactions between the electrons and the atomic
nuclei. The BLYP exchange-correlation functional46,47 was used,
complemented with Grimme’s D248 correction, to account for the
long range van der Waals interactions. A double-zeta valence
basis set complemented with polarization functions49 (DZVP-
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Scheme 1 Representation of a two-step mechanism of silicate condensa-
tion reaction with the presence of excess OH– . R, TS1, I, TS2, P refers
to reactant, transition state 1, intermediate, transition state 2, and prod-
uct, respectively.

MOLOPT) was employed for all atom types. An energy cut-off
of 400 Ry was chosen for the auxiliary plane wave basis set. The
molecular dynamics trajectories were generate with a time step
of 0.5 fs. We applied a canonical velocity re-scaling thermostat50

with a time constant of 300 fs to impose the temperature of the
system. The temperature was set at 350 K, which is consistent
with the experimental conditions used for zeolite synthesis in so-
lution35,51. This temperature is also frequently used in molecular
simulations for this type of system29,30,52.

The simulation cell was a periodic orthorhombic box (around
16x16x16 Å3). The dimension of the simulation box was adjusted
in each system to have a density of 1 g/cm3, similar to that of the
experimental value35,51. The initial geometry of the silicate re-
actants and a hydroxide ion OH– was first optimized in the gas
phase. This structure was then solvated with around 128 water
molecules evenly distributed in the simulation box. Subsequently,
to generate a representative configuration, a 20 ps equilibration
run was performed in the NVT ensemble. The total number of
atoms in the system was approximately 420 atoms. Due to the
high computational cost inherent to ab-initio MD, we did not con-
sider with systems of larger size or a higher concentration of sili-
cate in the present study.

Reaction pathways and associated free energy profiles were
traced by imposing a set of values of a proper reaction coordi-
nate using the method of constraints.53,54 For each value of the
reaction coordinate, the initial configuration was taken from the
last configuration of the simulation at the previous value of the
reaction coordinate. After 1 ps of equilibration run, a 10 ps tra-
jectory of production run was generated. The total trajectory of
the simulations of a reaction pathway was around 200 ps, dis-
tributed typically over 20 values of the reaction coordinate.

The free energy (∆G) profiles of the oligomerization reactions
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Fig. 1 Left: scheme of the oligomerization reactions considered in this work forming from dimer to 4-ring formation. Right: snapshot of ab-initio MD
simulations for 4-ring formation. The system consists of silicate reactants, a OH– , and 128 water molecules.

were obtained by thermodynamic integration using eq.4

∆G =
∫ r2

r1

⟨F(r)⟩dr (4)

Here, r denotes the reaction coordinate, and F is the calculated
constraint force and r at a fixed value of the reaction coordinate.
As illustrated in Scheme 1, the reaction coordinate r is typically
the bonding distance between O1−Si2 and Si2−O3 for the first
and the second steps of silicate condensation reaction, respec-
tively. The value r1 denoted for the reactant state and r2 is for the
product state. The values of r1 and r2 are the average distances
determined by unconstrained AIMD of the system at those state.
An example of the r values and forces for dimerization and trimer-
ization reactions are provided in the Table S1 and Fig S1 of the
Supporting Information. The integral is evaluated numerically
on basis of the calculated values of the constraint force at each of
the (∼20) reaction coordinate values. The errors of the constraint
force are typically below 10-5 Hartree/Bohr in 10 ps production
run. This approach has generic applicability, and is extensively in
earlier studies to calculate free energy barrier reactions in solu-
tion24,55–58 and oxidation of methane in solid state59.

A common two-step mechanism of silicate condensation reac-
tion in the basic conditions28 is described in Scheme 1. The first
step is Si-O bond formation, yielding an intermediate with a five
fold coordinated Si. For this stage of the reaction pathway, the
distance between atom O3 and Si2 was taken as reaction coor-
dinate (d1Si-O). Here, O3 atom is defined as the reactive oxy-
gen. The second stage consists of a water removal step, where
the distance between Si2 and O4 was taken as the reaction coor-
dinate (d2Si-O). For ring closure reactions, a similar mechanism
has been considered28,52. Note that in the ring closure reaction
the silicon and oxygen atom in the first reaction step are of the
same oligomer molecule. We investigated six oligomerization re-
actions, from the formation of a dimer up to a 4-ring structures.
A schematic process of the reactions is provided in Fig. 1. For
each of the systems one of the silica species was deprotonated.
One extra hydroxide group was added into the system for each
reaction, which leads to the doubly charged system in all cases.

Positive background charge was automatically imposed by CP2K
to balance the system’s negative charge.42.

3 Results and discussion

3.1 Structure of liquid phase

0 2 4 6 8
0

2

4

6

8

1 0

Ra
dic

al 
dis

trib
uti

on
 fu

nc
tio

n 

D i s t a n c e  ( Å )

 O w - O w
 O w - H w
 S i - O w

Fig. 2 Radial distribution function (RDF) for Ow-Ow, Ow-Hw, Si-Ow
of silicate solvated in water, as obtained by unconstrained AIMD simu-
lations.

The radial distribution function (RDF) is a key descriptor in the
study of water structure and has been extensively investigated
in the literature using various simulation60–63 and experimental
techniques64–66. In order to compare and validate our simula-
tion approach, we performed AIMD simulations of pure water and
computed the RDFs of Ow-Ow and Ow-Hw. The comparison of
our AIMD using BLYP-D2 functional with the SCAN functional63

and experimental results65,66 is presented in Fig S2. The results
show that our AIMD approach is in excellent agreement with both
the SCAN functional and experimental data for the RDFs of Ow-
Ow and Ow-Hw. These findings support the validity of our com-
putational setup for studying silicate condensation reaction in wa-
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ter.

To assess the effect of OH– on the local structure of the sys-
tem, we performed an unconstrained 20 ps AIMD simulation of
the OH– – deprotonated silicate monomer system. We quantified
basic structural information of the system by RDFs of the water
and silicate species. The RDFs of oxygen-oxygen (Ow-Ow) and
oxygen-hydrogen (Ow-Hw) among water molecules, and silicon-
water oxygen (Si-Ow) are shown in Fig. 2. For the Ow-Ow RDF
the first peak is located at 2.8 Å, which is in good agreement with
the experimental data and earlier simulations52,63. This confirms
that the presence of OH– and silicate has minor effect on the
overall water structure. The first peak of Si-Ow RDF is located
at 3.75 Å, which is very similar to the case without hydroxide
anion52.

To further assess the effect of the OH– presence, we performed
simulations with one deprotonated silica species. We considered
two systems (see Fig. 3). The first system consists of 2 monomers,
Si(OH)4 and Si(OH)3O– , and one (excess) OH– in aqueous so-
lution. The initial position of OH- was created at random near
one monomer Si(OH)4. A aqueous hydroxide deprotonates the
neutral silicate monomer in the first picosecond of the 20 ps
trajectory, yielding one water molecule and a second negatively
charged deprotonated silica species. (see Fig. 3.a). This demon-
strates that, for the given system size, the excess OH– induces a
stable solvation of two negatively charged silicate monomers. As
hydroxide is a stronger base than a silicate monomer (silicic acid
has pKa1 of 9.8438), a deprotonation of the neutral silica species
is to be expected. Note, that the deprotonation occured on a short
time scale, within the first ps.

The second system addresses the presence of an excess OH in
product state of a dimerization, i.e. a singly deprotonated silica
dimer. Again an unconstrained simulation was performed with
the excess hydroxide ion fully solvated by water molecules, but
in the neighbourhood of the silicate dimer Si2O7H –

5 . As can be
seen in Fig. 3.b, an a hydroxide almost immediatly deprotonates
the silica dimer. The silicate species Si2O7H 2 –

4 remains in the
doubly deprotonated state during the subsequent 20ps of sim-
ulation. Fig. 3.b quantifies the deprotation step. It shows the
distance of O2−H1 indicating that the silanol group transfers one
H+ to the hydroxide group, yielding a water molecule. While the
change of the distance O1−H1 shows that the transferred proton
is located in a water molecule far from the silicate at the end of
simulation. Thus, the results confirm that excess hydroxide ion
deprotonates spontaneously the silanol group of silicate dimer in
both reactant and product state.

3.2 Formation of linear silicate oligomers

Fig. 4 presents representative snapshots of the silicate dimer-
ization reaction with an excess hydroxide group. The reaction
mechanism of silicate condensation is very similar to what is re-
ported in earlier studies28,30,67. As described in Scheme 1, the
first reaction step is to form SiO-Si bond resulting in 5-fold sili-
cate intermediate. The second step is the removal of the water to
form the dimer product. The trajectory shows interesting struc-
tural changes. In the reactant state, there are two anionic silicate

Si(OH)3O– surrounded by water network as described in the pre-
vious section. The distance between SiO–Si at the reactant state is
located at 3.7 Å as shown in Fig. 4. This distance is shorter when
the two silicate species approaches each other. At 2.2 Å, the loca-
tion of the first transition state (TS1), we observe a proton trans-
fer between the monomers. The structure at TS1 then appears
as one neutral monomer and one doubly charged monomer (see
Fig. 4). The reaction step produces a 5-fold intermediate silicate
that is doubly charged. The second step of the reaction, water re-
moval, is similar to what has previously been reported52,68. The
second transition state (TS2), involves a leaving hydroxide group.
The generated trajectory of this stage, showed an internal pro-
ton transfer from the intermediate state to the leaving hydroxide
group, resulting in the formation of a water molecule. It’s worth
noting that the silicate species remains doubly deprotonated the
dimerization pathway: intermediate, TS2, and product state.

The calculated free energies of various structures along the
dimerization reaction are listed in Table 1. Taking the reactant
state as the reference, the free energy barrier of the first reac-
tion is 71 kJ/mol. The second activation barrier, calculated as the
free energy difference between the transition state TS2 and the
intermediate, is 24 kJ/mol. The resulting overall activation bar-
rier of the dimer formation is 83 kJ/mol. This is an endothermic
reaction with the free energy of reaction, calculated as the dif-
ference in free energy of the product and the reagents, is equal
to 16 kJ/mol. This value is consistent with previous simulation
of silicate condensation reaction in solution24,52. The presence
of positively charged counter ions is known to increase the over-
all reaction barrier25,67 due to the interaction between the cation
and the hydrogen bonding network or the cation ion could inter-
act directly with the reaction center. It is interesting to note that
the same trend was observed in the present study, where there
is an anionic environment. However, in this case, the increasing
activation barrier is appear to be due to electrostatic interaction
between negatively charged silicates. This raises the free energy
barrier, and implies that the presence of neither a positive ion nor
a negative anion does lower the activation barrier of the silicate
(dimer) condensation reaction.

Table 1 also shows the free energy data for the formation of
larger linear oligomers, i.e. the trimer and linear tetramer. The
first step’s energy barrier was highest in trimer formation and low-
est in linear tetramer formation. As a result, the total energy
barrier for trimerization is the highest, with an overall barrier
of 102 kJ/mol, while the barriers for dimer and linear tetramer
formation are only 83 kJ/mol and 71 kJ/mol, respectively. In
contrast, without excess hydroxide ion, the dimerization reaction
has a higher overall barrier than trimerization (see Table 2). It
is not surprising that the second step free energy barriers for the
formation of dimer, trimer, and linear tetramer are around 20-
30 kJ/mol. These values are comparable to those observed in
simulations of systems containing other cations25,28. In all cases,
the hydroxide group that is leaving is embedded in a well-defined
hydrogen bonds network with water molecules. It is protonated
either directly by another silicate hydroxide group or indirectly
through a proton transfer chain mediated by one or more water
molecules. This is in consistent with previous studies showing
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a)

b)

Fig. 3 Representative snapshot from the unconstrained AIMD simulations of silicate with the excess of hydroxide ion surrounding by water molecules.
On the top (a), there is a proton transfer process for Si(OH)4 +Si(OH)3O

– +OH– −−−→ 2Si(OH)3O
– +H2O . At the bottom (b), the trajectory

shows proton transfer for dimer Si2O7H
–

5 +OH– −−−→ Si2O7H
2–

4 +H2O. The distance of selected oxygen-hydrogen bonding were presented during
20 ps of simulation time.

that this step is mostly determined by the aqueous solvation and
associated hydrogen bonding network between silicate and wa-
ter68.

When we examined the free energy profile of the trimeriza-
tion in greater detail, we noted that the first activation barrier
is 10 kJ/mol higher than that of the dimerization. The second
activation barrier of the water removal step, on the other hand,
is more unfavorable (33 kJ/mol), whereas dimerization only has
(24 kJ/mol). The free energy profiles of linear growth shown in
Fig. 5 show that trimer formation has the highest energy in the
TS1, intermediate, TS2, and product states. The linear tetramer
formation has the lowest TS1, intermediate, and TS2 states. How-
ever, the dimerization product state is the most stable of the three.
The overall picture suggests that the trimerization reaction is the
rate-limiting step in formation of small silica oligomers. The ob-
servation that reaction-free energies are positive in this work com-
plies with previous theoretical studies25,30,68. The reason is that

the overall reaction yields one extra molecule of water which gen-
erates an entropically unfavorable rearrangement of the structure
of water.

3.3 Formation of ring and branched silicate oligomers

One of the critical steps in zeolite growth is the formation of
branched and ring structures. The formation of initial 3-ring or
4-ring structures, in particular, is a prerequisite for the formation
of higher ring species of zeolites, such as double 3-ring (D3R) and
double 4-ring (D4R). The mechanism of 3-ring and 4-ring config-
uration formation is comparable to that seen in simulations of lin-
ear structure formation. Earlier computational studies elucidated
the details of this ring closure reaction.28,52. Fig. 6 shows repre-
sentative snapshots of the 3-ring reaction pathway in the presence
of excess hydroxide. The reactant state of the 3-ring formation is
the linear trimer product with doubly charged state. The separa-
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Table 1 Calculated free energy (kJ/mol) profiles along the silicate formation in the presence of excess hydroxide ion obtained by AIMD. All values are
relative to the reactant state.

Free energy reactant TS1 intermediate TS2 product
Dimer 0 71 59 83 16
Trimer 0 81 69 102 45

Linear Tetramer 0 61 41 71 24
3-ring 0 81 70 92 48
4-ring 0 60 45 73 7

Branched Tetramer 0 68 58 86 33

   

   

Reactant state (R) OSi-O bonding (TS1) Five-fold intermediate (I) 

Water removal  (TS2) Product state (P) 

3.7 Å 
2.2 Å 

2.2 Å 

Fig. 4 Representative snapshot from AIMD simulations of the dimerization reaction with the excess of hydroxide ion. Reaction mechanism is described
in Scheme 1. For clarity, some water molecules are omitted in the visualization.

Table 2 Total free energy barriers (kJ/mol) obtained by AIMD of silicate
oligomerization reaction with presence of excess hydroxide ion. The free
energies without excess hydroxide27 is added for comparison.

Free energy barrier with excess OH– without excess OH–

(this work) ref27

Dimer 83 61
Trimer 102 53

Linear Tetramer 71 /
3-ring 92 72
4-ring 73 95

Branched Tetramer 86 101

tion between active oxygen and silicon was at 3.7Å. The negative
charge is distributed over two silicon atoms rather than one dur-
ing the equilibrium run of the reactant state. An intermediate
ring is formed when the active oxygen atom from one end of the
linear trimer binds to the Si atom from the other end. We also
noticed an internal proton transfer between two silanol groups.
This proton transfer did, in fact, aid in the contact between the
reactive oxygen and the Si atom in order to form the SiO-Si bond.
The final product is produced in the second step, which involves
the removal of water. The TS2’s reaction coordinate is compara-

ble to that of the TS1, both values are at 2.2 Å (see Fig. 6). It’s
worth noting that the leaving hydroxide group is protonated via
an external transfer mechanism, which receives the proton from
another water in the proximity. We observed that proton transfer
between the silicate and water environments happens instantly
throughout the reaction. At the same time, another proton trans-
fers spontaneously from the silanol group to the water’s hydrogen
bond network, resulting in a doubly charged product state.

The details of free energy profiles of the formation of 3-ring,
4-ring and branched tetramer are presented in Table 1. The con-
straint force profiles along the reaction pathways of formation of
3-ring and 4-ring structures are presented in Fig S1. The 3-ring
formation had the highest overall barrier (92 kJ/mol), while the
4-ring formation had the lowest activation barrier (73 kJ/mol).
This distinction could be related to double negative charge that
has a stronger unfavorable effect for a smaller molecule. Higher
oligomers, such as 4-ring and branched tetramers, have lower ac-
tivation because they are more stabilized and have an enhanced
hydrogen bonding with water. It’s worth noting that in the pres-
ence of an excess of hydroxide, the formation of the 4-ring is
more favorable than that of the 3-ring. In the absence of excess
hydroxide (see Table 2), this is the opposite. The reason could
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Fig. 5 Calculated free-energy profile (kJ/mol) of formation of linear silicate oligomers as a function of the reaction coordinate. The profiles calculated
for the two stages are connected in the graph.

be that the charge distribution of the 4-ring varies with charged
state. The stability of the 4-ring over the 3-ring has previously
been observed when organic counter ion such as TMA+ interacts
with silicate.52,69,70 Another ion such as TEA+ shows the oppo-
site trend67. In the presence of an excess hydroxide ion, the free
energy profiles along the reaction process of 3-ring, 4-ring, and
branched tetramer formation is shown in Fig. 7. We clearly see
an increasing trend in the height of the free energy barriers, in
the order 4-ring, branched tetramer, 3-ring. This indicates that
in the presence of an excess of hydroxide, the formation of 3-ring
structures is less likely, whereas the 4-ring structure and branched
tetramer are more dominant in the early stages of silicate conden-
sation.

The bonds and angles in the 3-ring and 4-ring structures were
analyzed using AIMD simulations, and the resulting data were
compared with previous DFT calculations19 (Table S2). It should
be noted that the DFT calculations were performed with static
solvation using 16-18 water molecules around the silicate19. In
contrast, our AIMD simulations were conducted with more than
128 water molecules, allowing for dynamic behavior at a tem-
perature of 350 K. The comparison of bond lengths and angles
between AIMD and static DFT reveals good agreement. The re-
sults suggest that the dynamic nature of AIMD simulations with a
larger number of solvent molecules provides an accurate descrip-
tion of the bond and angle parameters of silicate rings compared
to static DFT calculations with micro solvation models.

3.4 Formation of dominant silicate species

The formation of dominant species in the early stages of zeolite
formation is known to be dependent on reaction conditions and
the presence of counter ions in the solution. For example, in the
presence of inorganic cation such as Li+, the formation of lin-
ear and branched silicate is more favorable than the 3-ring struc-
ture25. On the other hands, the presence of an organic cation
such as TEA+ favors the formation of 3-ring structures over the
linear silicate67. This study shows that excess hydroxide ion may
also play role in controlling the dominant species of silicate for-

mation. The free energy profiles presented in Table 1 imply that
in the presence of excess OH– , the formation of linear tetramer
and 4-ring are the most favorable with the lowest overall activa-
tion free energy barriers (71 kJ/mol and 73 kJ/mol, respectively).
While the rate-limiting step of the silicate growth is the trimeriza-
tion with the largest activation barrier (102 kJ/mol). This is in
contrast to the case without excess hydroxide ion, where the for-
mation of trimer is the most favorable step with a barrier of only
53 kJ/mol (see Table 2). The increase in trimer formation free
energy of 49 kJ/mol in the presence of an excess of hydroxide ion
could be attributed to an unfavorable interaction due to a higher
energy of a doubly charged trimer, relative to a singly charged
one. Our findings suggest that silicate growth will be more diffi-
cult in a very high pH environment. Because the overall process
must overcome the high activation barrier of forming trimer sil-
icate immediately following the first dimerization reaction step.
This is consistent with experimental findings that silicate growth
was reduced at very high pH values.35

A key concept in zeolite synthesis is the formation of a sin-
gle 3-ring and 4-ring, as well as the formation of D3R and D4R.
Depending on the reaction conditions, one structure may form
more easily than another. For example, in the presence of organic
cation such as TMA+ or TEA+, there was a significant difference
in the formation of D3R and D4R species.8,51 An experimental
study of Chen et al.71 has shown that the cation TMA+ stabilize
the D4R structure over the D3R. However, in the case of TEA+,
the a higher stability of the 3-ring/D3R over the 4-ring/D4R was
observed8,72,73. Analysis of computer simulations52,69,70 sug-
gests was that the interaction between the organic counter ion
and different silicate structures during formation plays a decisive
role in the formation of more favorable ring clusters in water so-
lutions. The current study provides evidence for an alternative
way to control formation of ring structures in zeolite synthesis
by using excess hydroxide. It is worth noting that the mecha-
nism differs from that of the counter ion in that hydroxide ion is
reactive and actively participates in the silicate condensation re-
action. The overall free energies provided in Table 2 show that
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Fig. 6 Representative snapshot from AIMD simulations of the 3-ring formation with the excess of hydroxide ion. Reaction mechanism is described in
Scheme 1. For clarity, some water molecules are omitted in the visualization.

in the presence of an excess OH– , the formation 4-ring is more
favorable than the 3-ring structure with the overall free energy
barriers of 73 kJ/mol and 92 kJ/mol, respectively. The trend is
inverted in the absence of excess hydroxide ion,24 where the 3-
ring structure outperforms the 4-ring. This difference could be
due to the unique arrangement of the water surrounding the ring
structures observed in previous works.52,67,70,74.

3.5 The role of excess hydroxide group

The role of pH in zeolite synthesis has been extensively discussed
in literature. In the excellent review of Cundy et al.35, it is stated
that the zeolite synthesis is not favorable at acidic environment
(pH between 4-7) but more favorable at basic (pH between 8-10).
When the pH is above 10, the kinetic of zeolite formation becomes
again unfavorable.35 There was an attempt by Zhang et al.29

to rationalize this experimental observation with kinetic Monte
Carlo simulation of silicate oligomerization. The effect of pH on
the rate of formation was modeled using the ratio of Si(OH)4
and Si(OH) –

3 as described in 1. The authors, did not consider
the formation of two Si(OH) –

3 and thereby did not account for
the effect of excess of an hydroxide group on the mechanismand
activation barriers of silicate condensation. However, excess hy-
droxide appears to induce an almost instant deprotonation of the
silicate species, as demonstrated in the previous section. This sug-
gests that in a very high pH environment, excess hydroxide ions
may play a significant role in altering the total free energy of sil-
icate and the dominant species in solution. Thus, including this
effect in modeling silicate growth appears a crucial aspect, at high
pH conditions.

Dupuis et al.75 showed the role of sodium hydroxide in the
dissociation of neutral silicate species using both experiment and
computer simulation. According to the study, the hydroxide ion

aids neutral silicate dissociation by attacking the Si-O-Si bond. In
line with the study by Dupuis et al.75, our results show an inter-
esting trend of deprotonated silicate dissociation when looking
at the backward reaction in Table 1. The findings suggest that
when silicate dissociation occurs, the 3-ring and trimer structures
are dissolved first. The reason is that trimer and 3-ring structures
have the largest free energy level of the product state (45 kJ/mol
and 48 kJ/mol, respectively). Thus the backward reaction to dis-
solve these species would be easier. The branched tetramer, linear
trimer, and dimer will then dissociate afterward. The free en-
ergy of the product state shows that the 4-ring species (7 kJ/mol)
and dimer (16 kJ/mol) are the most stable silicates. Further-
more, the backward activation energy to dissociate 4-ring species
is 66 kJ/mol, representing the largest backward barrier. The re-
verse reaction of 3-ring formation is only 44 kJ/mol. This implies
that in the presence of excess hydroxide, the formation of a 3-ring
is suppressed. Again, we can see that excess hydroxide plays an
important role in the backward silicate dissociation step.

When investigating silicate condensation in an aqueous envi-
ronment, it is crucial to consider explicit water molecules. Unlike
the disordered solid phase of silica76, prior research has shown
that the reactivity of silicate species is not solely determined by
the internal hydrogen bond or bonding between silicon and oxy-
gen atoms24,28,67,68. Instead, the interaction between silicate
and the external hydrogen bonding with the water network plays
a crucial role. To illustrate, we plotted the HOMO and LUMO
molecular orbital of all six silicate structures in Fig S3 and S4,
and compared them with other static DFT calculations11,14,19. Al-
though our molecular orbital results are consistent with previous
studies, it is important to note that free energy reaction profiles
cannot be explained solely based on these features. Additional
factors, such as explicit water molecules, must be considered to
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Fig. 7 Calculated free-energy profile (kJ/mol) of formation of ring and branched silicate oligomers as a function of the reaction coordinate. The
profiles calculated for the two stages are connected in the graph.

fully understand the silicate condensation process in an aqueous
environment.

4 Conclusions
Ab-initio molecular dynamic simulations with a model that in-
corporates explicit water molecules were used to investigate the
formation of silicate oligomers from dimer to 4-ring in the pres-
ence of an excess OH– . The findings indicate that the presence
of excess OH– raises the free energy barriers for the formation of
small oligomers. The formation of trimer is the rate-limiting step
in silicate growth due to the relatively high free energy barrier.
The formation of the linear tetramer appears to have the lowest
free energy barrier. The presence of OH– promotes the formation
of a 4-ring rather than a 3-ring. This is consistent with the exper-
imental observation that the rate of silicate oligomer formation is
unfavorable at very high pH environment.35

The observation that linear trimerization and 3-ring forma-
tion have a higher transition state barrier than 4-ring and linear
tetramer formation suggests that 4-ring structures predominate
in the presence of excess OH– . Furthermore, the calculated re-
action free energies show that 4-ring formation is thermodynami-
cally more stable than 3-ring formation. However, more research
is needed to evaluate the free energy profiles of the single- to
double-ring formation route in order to evaluate the formation of
double rings.

The computational cost of simulating larger silicate systems by
AIMD is a currently a major obstacle for systematic studies of the
formation of these structures. As such, this work has been limited
to the formation of 3-ring and 4-ring structures. To address the
double 3-ring and double 4-ring species, alternative approaches
such as semi-empirical or ReaxFF methods may be considered in
future research.

Finally, our findings shed light on how excess OH– affects sil-
icate oligomerization by regulating the both thermodynamic and
kinetic parameters of reactions. By actively participating in the
condensation reaction and modifying hydrogen bonding in the

solvation shell, OH– promotes the formation of larger oligomers.
This study clearly shows that the role of pH in zeolite synthesis
is not only to control the ratio of neutral and negatively charged
silicate species, but also to significantly alter the reaction rate of
silicate oligomerization. This is a necessary input for larger scale
simulations such as kinetic Monte Carlo to provide a bigger pic-
ture of zeolite synthesis to match with experimental scale.
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