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Abstract
Chemical reactivity and sorption in zeolites is coupled to con�nement and - to a lesser extent- to the acid
strength of Brønsted acid sites (BAS). In presence of water the zeolite Brønsted acid sites eventually
convert into hydronium ions. The gradual transition from zeolite Brønsted acid sites to hydronium ions
conversion in zeolites of varying pore size is examined by ab initio molecular dynamics combined with
enhanced sampling based on well-tempered metadynamics and a recently developed set of collective
variables. While at low water content (1-2 water/BAS) the acidic protons prefer to be shared between
zeolites and water, higher water contents (n>2) invariably lead to solvation of the protons within a
localized water cluster adjacent to the BAS. At low water loadings the standard free energy of the formed
complexes is dominated by enthalpy and is associated with the acid strength of the BAS and the space
around the site. Conversely, the entropy increases linearly with the concentration of waters in the pores,
favors proton solvation and is independent of the pore size/shape.

Background
Brønsted acid catalysis is one of the most important classes of chemical conversion1–11 and is critical
for the reactions in petroleum re�ning and petrochemical industry, including for example hydrocarbon
cracking12–16, alkylation17 and oligomerization, dehydration of alcohols 18–22, aldol condensation23–25,
ketonization26, and esteri�cation27,28. A wide variety of solid acids are used for such reactions with
zeolites being one of the dominating groups 5,29,30.

Zeolites are tectosilicates with an impressive number of potential ways to link the corner shared SiO4

tetrahedra forming a wide variety of pores and cavities31–33.  Some of these framework tetrahedra are
synthetically exchanged for other elements than Si4+, typically Al3+, but also Ga3+, B3+, Ge4+, and Ti4+.  A
charge imbalance is created, if the metal cation has a 3+ oxidation state. The resulting negative charge of
-1 in the tetrahedron with oxygens is balanced by metal cations or H+. The proton is stabilized as an OH
group on one of the four oxygen atoms linking the tetrahedron to a neighboring one. It may �uctuate its
position among the four oxygen atoms. This results in a “bridging” OH group with the potential to act as
a Brønsted acid site (BAS) (Figure 1).

 In its water free state, the ability of a BAS to protonate a base has been studied experimentally and
theoretically to an impressive extent6,34,35. While early studies had suggested that zeolites would act as
super acids36 and show widely varying acid strength, it was found that the pKA  was lower than that of
super acids and depended moderately on the crystal structure. Modern experiment and theory have
shown conclusively that zeolites possess a high acid strength, but are relatively insensitive to structural
effects and are mildly sensitive to the chemical composition8,37. It has been shown, however, that the
constraints of the pores stabilize transition states of reacting molecules in a way that these materials
show higher catalytic rates compared to counterparts of equal chemical composition on �at or
mesoporous surfaces7,38,39.
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Aluminum containing zeolites have been shown to be hydrophilic. Purely siliceous materials are highly
hydrophobic, i.e., they do not stabilize the continuous sorption of water molecules in a density equivalent
or approaching liquid H2O, even if engulfed in water40–42. The fact that it takes substantial external
pressures to force water into zeolite pores of siliceous materials demonstrates that the loss of entropy
from bulk to con�ned water prevents the full utilization of the whole pore volume43.

Recently, it was shown that sorbed water molecules form clusters around the BAS, forming eventually
hydrated hydronium ions, whose size is limited by the difference between the standard free energy of the
water cluster in the pores compared to the aqueous phase44,45. For MFI zeolites with pores ~ 0.6 nm, this
balancing act leads to hydrated hydronium clusters containing approximately eight water molecules.

The catalytic activity of such hydronium ions also bene�ts from the constrained environment, with rates
approximately 1-2 orders of magnitude higher than those in an open aqueous environment 46–48. Organic
molecules appeared to adsorb in such environments only in the void left by hydrated hydronium ion
clusters. This leads to marked discontinuities in the arrangements of molecules that have been shown to
be equivalent to the impact of liquids of high ionic strength44.

Understanding and controlling the impact of water ordering in zeolite pores leads to a better
understanding of the hydrophobicity and allows us to predict and model the elementary steps of acid
catalyzed reactions in con�ned spaces. This understanding requires addressing questions related to: (i)
the nature and thermodynamics of solvation of the BAS in the presence of increasing chemical potentials
of water and (ii) the size of hydrated hydronium ion clusters.

In this work, we examine these questions by a combination of ab initio molecular dynamics (AIMD) and
enhanced sampling based on the metadynamics formalisms for studying the rare events dynamics and
evaluating the associated free energy landscapes.  There have been several prior studies of water in
zeolites at the classical molecule dynamics49–52 (CMD) and AIMD53–57 levels of theory.  The latter
studies, which account for both reactivity and diffusion, reveal a complex behavior of the protonation
state as a function of the number of waters and the nature of the BAS ranging from sharing of the proton
equally between water and a BAS, to complete solvation of the proton within water clusters.  Recently,
AIMD combined with IR and high-resolution solid-state NMR on H-ZSM5 zeolites, showed that the
interaction between the proton and the water cluster formed becomes weaker with increasing water
loading, but plateaus out at a maximum solvation of 7-8 water molecules per BAS44,45. A preliminary
computational study performed with AIMD simulations and static DFT calculations supported these
conclusions58, and showed that the bond distance between the acid proton and the releasing framework
oxygen is proportional to the water concentration. Here, we ask if this formation of water clusters for
proton solvation is an attribute of the MFI structure or if it is a generic property of all zeolites and their
cavities? 

We focus on the role of con�nement on the speci�c population of water clusters and assess the enthalpic
and entropic contributions to the zeolite acid-base equilibrium. Due to the presence of energy barriers
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separating different protonation states, a standard simulation cannot fully address these questions. In
order to overcome these limitations, we performed metadynamics simulations59–61 to assess the relative
free energies of potential protonation sites.  We adapted a set of generalized collective variables, which
enabled us to assess the relative acid-base properties of multiple sites and allowed to compute relative
pKa values58. We use this method to investigate the protonation state of several zeolites as a function of
water content to probe changes in acid strength and to determine if general behaviors exist to guide our
understanding of the surface chemistry of protons in zeolites.

The protonation state of the BAS was studied for four different zeolites62 (MFI, CHA, FAU, and GIS) with
pore diameters ranging from 0.5-1.5 nm63 (Figure 2). In all cases the BAS-proton pair correlation function
changed with increasing water content showing at low loadings the formation of a complex in which the
proton is shared between the BAS and the solvating water molecules. At high loadings complete
protolysis occurred. It was observed that full protolysis is reached with four water molecules and further
addition of water does not alter the equilibrium. Moreover, we �nd that for zeolites with a low
concentration of BAS, the water clusters occupy only a small portion of the cavity independent of the
cavity shape or size. This makes the entropic component in the acid-base equilibrium insensitive to the
type of framework, while the enthalpic contribution, after an initial sharp decay, remains constant at all
hydration levels. Thus, the zeolite structure plays only a minor role and the protonation free energy
exhibits an approximately universal behavior.

Results And Discussion
Structure of water clusters within the zeolite framework

In order to understand, how water molecules are arranged in pores, we calculated the water density
around a BAS. The radii of the spheres centered on the aluminum atom holding 90% of these densities
were taken as a rough estimate of the portion of volume explored by the clusters, shown in Figure 3. It is
noted that water molecules never reach some regions of the cavities and the fractions of occupied
volume was not affected by the framework type.

The radii of these spheres are nearly the same in every tested zeolite and the volume increases with the
number of water molecules at the same rate for every system. This is caused by the �rst water molecule
remaining close to the zeolite framework (avoiding excessive charge separation) and to the hydrogen
bond network that keeps the water clusters compact and prevents waters to diffuse inside the entire
cavity.  

An indication that the framework does not affect the cluster behavior comes from the analysis of their
shapes. We know that these small clusters in the gas phase tend to organize in structures with de�ned
geometrical arrangements64–66. Among these geometries, more interesting are the structures whose
vertices are de�ned by 4 or more water molecules. A volume and a surface can be computed for these
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polyhedra and from these we can get an estimation of their sphericity according to the Wadell
de�nition67:

This formula de�nes the sphericity, Ψp, of a generic polyhedron as the ratio between its volume Vp and its
surface Ap. Ψp can assume values between 0 and 1, where, by de�nition, the sphericity of the cluster is
unity for a sphere, and decreases in solids with lower symmetry. We know from literature that 4, 6 and 8
water molecules in gas phase are arranged in a tetragonal, prismoid and cubic shape, respectively65. We
also know the Ψ values for all these structures in their regular shape. The sphericities of these clusters
inside the zeolites were calculated and compared with the values extracted from the relevant MD
simulations in gas phase, as well from the respective regular three-dimensional geometries (see Table 1).
Results show that clusters con�ned into the zeolite frameworks have values comparable with the gas-
phase ones.

Table 1. Water clusters sphericity, ψ, into four different zeolite cavities, in gas phase (GP) and the regular
(R) three-dimensional geometries.

The analysis shows that water clusters con�ned in zeolite frameworks are not signi�cantly impacted by a
changing con�nement. Previously, we reported a difference in shape and dynamic properties between a
protonated octameric cluster and one con�ned within the channels of H-ZSMS544, which is in apparent
contradiction to the current analysis. However, using a similar analysis to the current approach, we �nd
that the previous trajectory, which is not as well sampled as the current one, can also be classi�ed as
having a similar volume as the gas phase counterpart.

From a statistical mechanics’ point of view, entropy, and more precisely the translational contribution, is
proportional to the accessible volume of the system. We also know that the positive charge can move



Page 6/22

only inside the water network hopping from water to water through the hydrogen bond network. As a
consequence, translational entropy grows proportionally to the volume of the water cluster and not
necessarily with the zeolite cavity size. This implies that the entropic contribution to proton solvation is
independent of the zeolite framework type and does not stem from the mobility of the overall cluster in
the available pore.

Free energy surfaces for proton transfer.

In order to further probe this hypothesis, reaction free energies have been computed and decomposed to
their enthalpic and entropic components. For this purpose, we adopted two recently developed
descriptors58, known as Collective Variables (CVs), as are a measure of the protonation state of our
systems (sp) and the distance between the charge carrier and the BAS site (sd), see section S1 in SI for
details. As can be seen from Figure 5, free energy surfaces (FESs) projected along the two CVs have
roughly the same shape for all these systems with a deep and narrow minimum for  and  equal to zero
and an elongated branch for  equal to one. These states represent the undissociated and dissociated
BAS, respectively.

In all four cases, we observe the same trends as a function of the number of waters. At low water loading
(n = 1, 2) there is a preference for the proton to remain in the vicinity of the BAS site (sp=0, sd=0). 
However already at n=2 there is �nite probability for the proton to move away from that wall by as much
as 4 Å (sp = 1, sd = 4).   This tendency increases with the number of water molecules, such that by n=8 the
proton is completely solvated by water molecule (sp = 1, sd > 4).  This is in agreement with previous AIMD
studies which show that the proton becomes “solvated” at higher water concentrations, but remains close
to the BAS site at low hydration levels45. 

From these FESs it is possible to distinguish three well de�ned thermodynamic states (Figure 6), i.e.,  an
undissociated state with the proton covalently bonded to the zeolite (A), a state where the proton
transfers to the closest water molecule forming a Zundel-like structure (B), and �nally an end state where
the hydronium ion is fully solvated and free to diffuse (C).

The FESs, thus, obtained were divided in these three different areas and integrated in order to get their
relative population. From these populations, we can observe that the same trend of transferring the
proton from the wall as a function of hydration level occurs in all four zeolites see Figure 7. In all cases,
minimum A with the proton at the BAS becomes negligible once the water concentration exceeds 2 per
BAS.  It is minimum B, with the Zundel-like structure, where the most distinction between the zeolite
frameworks occurs.  Although the population of B is maximum at n=3 and drops off with increasing n,
the rate at which it does so is not the same amongst the different zeolites.  Its population decreases more
rapidly the smaller the cage. Hence a more careful analysis of the energetics is required to quantitatively
understand these trends.

The role of enthalpy and entropy in determining protonation state.
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In order to understand the thermodynamic parameters determining the protonation state of water in
zeolites, we use the relative trend in free energy between the undissociated (A) and the hydrolyzed states
(B+C)  as a function of the water loading. This function shows a universal behavior among different
zeolites, see Figure 8. Most importantly, except for small differences, all systems present the same decay
trend with increasing n, but are offset at n=1 due to the differing acid strength of the BAS as imposed by
the zeolite framework. Indeed, shifting vertically all these curves by a constant value that compensate
these small differences shows that all these curves can be collapsed in one. This implies that although
the free energetics at low hydration level may depend on local structural features (small differences in
enthalpy), the behavior at increasing n is being determined by a structurally insensitive free energy term.

To further probe this observation, we separate the free energy into contributions by the internal energy ()
and entropy ()68 to determine the driving force for proton solvation.  The trends in  as a function of the
number of waters are given in Figure 9,  and shows that in all zeolites  varies signi�cantly between n=1-3,
but tapers off to about 20 kJ mol-1 for n=3. This initial fast drop as well as the identical behavior of the
four zeolites is attributed to the fact that the hydronium needs a certain number of water molecules to be
stabilized, while the framework of the zeolites plays only a minor role. Once the cluster is su�ciently
large, further addition of water molecules does not impact the solvation energy of the proton. The result
clearly show that for more than 3 water molecules further association does not lead to a better enthalpic
stabilization.  

This is further substantiated when one considers the entropy computed (Figure 9), showing a nearly
linear contribution to the free energy with increasing number of water molecules.  All zeolites show a
similar decrease with a slope of approximately -4.0 kJ mol-1/H2O molecule regardless of the cavity size,
i.e., the entropy increases solely as a function of the number of waters, and is not in�uenced by the cavity
size. Thus, we conclude that the main factor for this increase is related with the larger environment in
which the proton can be mobile, i.e., the entropy of the proton depends on the size of the hydrogen bond
network it is part of and that scales with the volume of the cluster.  As the zeolite framework perturbs this
property of the clusters very little this entropic stabilization of the proton is, to �rst order independent of
the zeolite lattice. 

Conclusions
The universal behavior of BAS solvation in a select group of zeolite frameworks was examined by means
of ab initio metadynamics methods. Independent of cavity shape or size, water molecules cluster at BAS
to fully solvate the proton at n ≥ 3. The volume of the water cluster and entropy of solvation are
independent of the zeolite cage structure. As a result, the free energetics of proton solvation follows a
universal behavior in which the enthalpy contributes only very little to the stabilization of the cluster n≥3
and the entropic contribution grow linearly with the number of water molecules. This provides a
straightforward extrapolation to predict the acid strength (pka) of a BAS in any Zeolite framework as a
function of water content. The results show that water is not evenly distributed within the zeolite, but is
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primarily located close to the negative charge in the zeolite lattice in order to minimize charge separation.
Thus, overall the result set the computational framework necessary to model adsorption of organics and
their reactivity in zeolites exposed to high chemical potentials of water.

Methods
Metadynamics Simulations: Breaking and forming covalent bonds, such of those involved in these
reactions, implies high activation energies. Transitions between different protonation states occur on a
time scale that can be reached with di�culty in a standard simulation. In order to accelerate the barrier
crossings, metadynamics, an enhanced sampling method, is used to study chemical reactions. This
method belongs to a class of enhanced sampling techniques based on the identi�cation of the slow
degrees of freedom involved in the reaction of interest59,69,70. These degrees of freedom, known in
chemistry as Collective Variables, are functions of the atomic coordinates and must be chosen in order to
extract the collective behavior connected to the reaction mechanism. Sampling is then accelerated by
adding an external bias potential, a function of the chosen CVs, to the system potential energy. It is easy
to understand how the choice of the CVs is crucial to obtain correct sampling.

In order to accelerate the exploration of every possible protonation state, as well as the diffusion of the
hydronium ion inside the cavities, we adopted a recently developed set of CVs58 extremely versatile for
the study of reactions involving proton transfer. A �rst CV, , was used to enhance the exploration of new
protonation states and push the zeolite to release a proton to the water cluster and vice versa. A second
one, , was used to explore the distance between the BAS and the hydronium accelerating the diffusion of
the charge carrier inside the cavity, see section S1 of SI for additional details. Born-Oppenheimer MD
simulations were performed combined with Well-Tempered Metadynamics59,60 using PLUMED271 driving
the CP2K package72. The exchange-correlation energy, , was computed using PBE73 functional, see
below.

The four zeolites, with varying cavity shape and size shown in Figure 2, were studied loading each with
an increasing number of water molecules per Brønsted acid site in a range from 1 to 8. The smallest
zeolite tested, GIS-NaP1 could only accommodate up to 4 water molecules in its small cavity. The ratio
Al:Si was kept constant at 1:95 which is comparable to typical experimental loadings.

AIMD Simulations: Periodic density functional theory (DFT) based AIMD were performed within the
generalized gradient approximation (GGA) with the exchange correlation functional of Perdew, Burke and
Ernzerhoff (PBE)73 and Grimme’s second-generation dispersion corrections (DFT-D2) as implemented in
the CP2K package. Starting with the optimized zeolite unit cell with 95 SiO2 units and a single Al atom for
each system, AIMD simulations were performed with 1, 2, 3, 4 and 8 water molecule(s) at T=300K within
the canonical NVT ensemble using a 0.5 fs time step and the CSVR74 thermostat to determine the local
structural properties.  For each simulation, well-equilibrated trajectories of ~350 ps were collected to
obtain reliable statistical properties. For further details of the simulations and system models see section
S2 of the SI.
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Figures

Figure 1

Brønsted Acid sites are formed when trivalent metals are substituted for Si4+ in the zeolite frame.



Page 16/22

Figure 2

Structures of zeolites employed in this work. (a) GIS, which consists of 8 and 4 ring size cages with
diameter 4.97 Å, (b) CHA which consists of 8, 6 and 4 ring size cages with diameter 7.37 Å, (c) MFI which
consists of 10, 6, 5 and 4 ring size cages.
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Figure 3

Al-Ow radial distribution function overlaid on a faujasite cavity and its water molecules

Figure 4

Radius of a sphere around the aluminum atom enclosing the 90% of the water density. Dashed lines
report the maximum Al-Si distances in the respective cavities. The dashed lines indicate the diameters of
the main channel or cavity.
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Figure 5

GIS, CHA, MFI and FAU free energy surfaces along sp and sd at different hydration levels. Differences in
free energies are expressed in kJ mol-1.
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Figure 6

The three thermodynamic states visible in the free energy surface and the relative structures.
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Figure 7

Relative population in each thermodynamic state for every zeolite at different level of water loading.
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Figure 8

Differences in free energy between states A and B+C as a function of the water loading (top panel) and
same curves rescaled by a factor δ that minimize the offsets among them. δc = 0, δm = 4.56, δF = 0.79,
δG = 9.75.
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Figure 9

Exponential and linear decay of the enthalpic and entropic contribution to the generation of the hydrated
hydronium ion.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

SI.docx

https://assets.researchsquare.com/files/rs-79664/v1/SI.docx

