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Abstract

A combined study of Inelastic Neutron Scattering and ab-initio Molecular Dynamic

simulations has been performed in order to study the the water-acid site interaction in

zeolite chabazite with a ratio Si/Al=16 that corresponds to 2 protons/u.c. with two

different water coverages with the number of water molecules being lower and higher

than that of proton sites. These results have provided a clear picture of the water-acid

site interaction and it has been demonstrated that there are two regimens of water

adsorption, which depend on the water loading. i) At low water coverage (water/acid

site∼ 0.5), the main interaction between water and the zeolitic acid sites are established

through hydrogen bond and there is no proton transference to water. ii) At relatively
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high water loading (water/acid site ∼ 3), it has been observed the clustering of water

molecules and hydronioum cations formed by the complete transference of the zeolitic

proton to the water molecules. The formation of water-hydronium clusters interacting

with oxygen atoms of the zeolite framework provides the stabilization energy needed

for the protonation of water molecules confined in the cavities of chabazite. These

results are the experimental evidence obtained from INS of proton transfer from the

zeolitic acid site and the hydronium formation and are in agreement with a previous

computational study18 and very recent Solid State NMR spectroscopy studies.19

The inspection of the low energy bands (translational and optic modes) and libra-

tional bands of the experimental results allows to obtain information about the H-bond

network of the hydronium-water cluster.
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INTRODUCTION

Zeolites are among the most successful microporous materials used for catalysis and separa-

tion,1,2 particulary for refining processes3 due to the combination of acid properties and the

presence of structured channel systems of dimensions very close to many widely used reac-

tants. Zeolites show a very high thermal and chemical stability4 and their large structural

and compositional variety facilitates the possibility of fine tuning their adsorption and cat-

alytic properties. In addition, their polar properties (hydrophobicity/hydrophilicity) can be

modified by selecting the appropriate chemical composition and concentration of structural

defects in the framework.5 For instance, at ambient pressure, highly polar zeolites could

adsorb up to 30 wt% of water, whilst no water is adsorbed in pure silica zeolites.6 For these

reasons, zeolites appear as suitable systems for the study of confined liquids. Since nearly 20

years ago, there is controversy on which conditions are necessary for acid zeolites to proto-

nate water. One of the early Inelastic Neutron Scattering (INS) studies on water adsorbed

at low loading in H-mordenite tentatively assigned to hydronium ions, hydrogen-bonded wa-

ter, and free hydroxyl groups the observed vibrational bands.7 In this work the presence

of hydroxonium ions was derived from the presence of two peaks at 1385 and 1670 cm−1,

which were assigned respectively to the symmetric and antisymmetric bending modes of this

species. In what concerns the low water loading conditions, the early work of Wakabayashi

et al. using FT-IR spectroscopy on H-ZSM-5 confirmed the H-bonded adsorption.8 However

the nature of the species formed for high loading conditions has been a matter of debate

for a long period. The interaction of water molecules with Brønsted acid sites in a micro-

porous solid acid catalyst, SAPO-34 (with CHA topology), was studied by powder neutron

diffraction and infrared spectroscopy,9 and the results showed that two species were mainly

present: An H3O
+ ion and the water molecule hydrogen-bonded to the acid site of the zeolite.

Ab-initio simulations of water adsorbed showed that the proton affinity of the water trimer

is large enough to achieve the protonation in HSAPO-34.10,11 Concerning another type of

zeolites, Jobic et al.12 stated that hydroniums were not observed upon water adsorption on

3



ZSM-5 using theoretical calculations and INS, while Jentys et al.13 based on IR spectro-

scopic results conclude the opposite, and some doubts remain about the number of water

molecules that participate in the formation of hydronium cation. Zecchina et al.14 studied

by means FTIR spectroscopy the neutral and ionic hydrogen bonded complexes on ZSM-5.

The study concluded that at low dosages the interaction of H2O with the zeolite the water

was H-bonded to the zeollite. However at higher dosages these species were transformed into

H+(H2O)n(naverage = 3− 5) ionic species. Interaction of water on cluster models of Brønsted

acid sites of zeolites was investigated by ab-initio quantum chemical methods.15 The authors

found for the 1:1 cluster (one water molecule per SiO(H)Al) the water molecule H-bonded to

the acid site of the zeolite. However for the 2:1 complex (2 water molecules per SiO(H)Al),

both H-bonded or hydronium formation, are minima on the potential energy surface. The

difference between the 1:1 and 2:1 complex was rationalised by the larger proton affinity of

the water dimer compared with the water monomer. So after all these studies a key point

has been established: the proton affinity of single H2O molecule is not the only parameter

that should be considered when evaluating the presence of neutral or protonated adsorbed

species. Two more important criteria are the ratio between adsorbed H2O molecules and

Brønsted sites as well as the way in which the zeolite micropore can stabilize water clusters.

The early experiments based on IR spectroscopy on the zeolite beta underlined the

formation of a doublet at about 2885 and 2463 cm−1 which was assigned to symmetric

and asymmetric stretching modes of hydronium ions.16 However the spectra becomes re-

ally complex for high H2O loading, since the hydration is accompanied by a growth of a

triplet caused by a Fermi resonance effect between ν(Ozeolite −H......Owater) vibrations and

2δ(Ozeolite−H......Owater) that overlaps with the characteristic signatures of stretching modes

of hydronium ions. Based on FTIR results on H-SSZ-13 (with CHA topology), Bordiga et

al.17 found that at low loading, water is H-bonded to the acid site of the zeolite. However,

at higher loading there is a transformation into H+(H2O)n with naverage = 3− 5.17 Quantum

calculations on the same zeolite were performed by Vener et al.18 and the results showed
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that at increasing loading, protonated water clusters become increasingly more stable due

to the large proton affinity of the largest clusters. A very recent study combining NMR

spectroscopy and ab-initio Molecular Dynamic simulations has shown for the first time an

experimental evidence of the conditions in which hydronium cations are stable in hydrated

H-ZSM5 zeolites, indicating that: hydrogen bonds between water molecules and the tetrahe-

drally coordinated aluminum in the zeolite lattice weaken with the formation of hydronium

ion-water clusters, H2O molecules form strong hydrogen bonds with H3O
+ and an increase

the mobility of protons.19

For this study a combined study using INS and ab-initio Molecular Dynamics simulations

(AIMD) was performed. Among vibrational spectroscopies, INS presents very appropriate

features for our task. This technique is mainly sensitive to vibrations involving hydrogen

atoms because of their much higher incoherent cross-section (σinc) compared to other ele-

ments. As a consequence, INS is well suited for investigating hydrated compounds, as water

vibrations can be observed on a wide spectral range, even in regions where signals from the

framework atoms would dominate the spectra in other vibrational techniques, for instance

IR or Raman spectroscopy. This would allow to overcome the interpretation of the complex

spectra of IR spectroscopy and explore the low energy part of the spectra that can give

information about the H-bond network since is strongly indicative of the coordination of the

water molecule, i.e. the number of H-bonds formed. Another important feature is that the

INS intensities are directly related to atomic displacements which can be computed from

empirical force fields or from ab-initio quantum chemical methods. The chabazite structure

used for this study contains only one crystallographic T (T = Si, Al) site and four O atoms,20

making it and ideal candidate for the INS study of adsorbed molecules, since computational

approaches can be applied at relatively low computing cost. In the present work we have

proceeded as follows: first of all the use of the same chabazite structure (CHA) as in previous

results, but in this work with a higher Si/Al ratio (Si/Al = 16) in order to have less protons

per unit cell (2 protons/u.c.). This will allow us to study in a simple system two water load-
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ings, with the number of water molecules being lower and higher than that of proton sites.

Similarly, we will study the homogeneous and heterogeneous distribution of water molecules

per acid site, respectively.

MATERIALS AND METHODS

Sample preparation. Chabazite zeolite with Si/Al ratio of 16 (SSZ-13) was synthesized

according to a procedure based on the Verified Syntheses of Zeolitic Materials of the Interna-

tional Zeolite Association (http://www.iza-online.org/synthesis/default.htm), following the

method reported previously.21 In particular, aluminium hydroxide (57% Al2O3, Aldrich)

was added to an aqueous solution containing sodium hydroxide and N,N,N, trimethyl-1-

adamantamonium hydroxide (ROH)(O.52M). Then, amorphous silica (Aerosil 200, Degussa)

was also added to the mixture and homogenized for one hour. The molar composition of the

gel was the following: 10 Na2O : 2.5 Al2O3 : 100 SiO2 : 4400 H2O : 20 ROH. The crystalliza-

tion was carried out in Teflon lined stainless steel autoclaves at 433 K under rotation during

4 days. The zeolite was recovered by extensive washing with deionized water followed by

drying at 373 K. The crystallinity of the sample was checked by means of X-ray diffraction

(XRD) that showed the characteristic XRD pattern of highly crystalline CHA zeolite (Figure

S1 of SI). The sample was further calcined at 853 K for removing the occluded organic mate-

rial and submitted twice to ion exchange treatments with NH4Cl followed by calcination at

773 K in order to exchange the Na cations by protons. The structural integrity of the zeolite

was preserved after calcination and ion exchange treatments as indicate the corresponding

XRD pattern (Figure S1) and the BET surface are the micropore volume obtained from the

N2 adsorption isotherm (see SI).

The chemical composition of the zeolite was determined by ICP on a Varian 715-ES

ICP-Optical Emission Spectrometer giving a Si/Al ratio of 16 and Na/Al of 0.30 in the

as-prepared zeolite, and the same Si/Al ratio and a negligible amount of Na in its protonic
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form (Na/Al=0.01). Chabazite zeolite was also characterized by means of 27Al and 29Si MAS

NMR spectroscopy and the results can be found in the SI.

In the following we will refer to the sample under study Chabazite with Si/Al=16 as

CHA16. Two hydration states were prepared: low and high loading, with 0.87 weigth % (1

molecule/u.c.) and 5.0 weigth % (6 molecules/u.c.) of water, respectively.

Inelastic Neutron Scattering experiment. INS spectra were measured at 10 K in

the range of energy transfers from 1 to 200 meV with an energy resolution of ∆E/E ∼

2% using the Lagrange neutron spectrometer installed at the hot source of the high-flux

reactor at the Institute Laue-Langevin in Grenoble.22,23 This energy range was obtained by

combining the mosaic Cu(220) monochromator for the intermediate energy range, with the

elastically bent Si(111) and Si(311) monochromators for the lower energy range. The energy

transfer was calculated by subtracting 4.5 meV, the constant final energy of the PG analysers,

from the energy of the incoming neutrons selected with the different monochromators. The

background spectrum from the cryostat and an empty sample holder was measured separately

and then subtracted from the raw INS spectrum of the sample. In the extent that the final

wavevector, kf , where k ≡ 2π/λ, is much smaller than the incident wavevector, ki (and

therefore high Q), the observed intensity is directly proportional to the Generalized Density

of States (GDOS), that is the hydrogen partial density of states, gH(E) in the case of

hydrogenated materials.

Computational details: Normal modes calculation. The theoretical VDOS(ω) was

calculated using the direct method on the basis of first-principles calculations. Calculations

were performed on a unit cell with formula Si34Al2O72H2 in order to have a Si/Al = 17

close to the experimental one (Si/Al=16) and an integer number of hydroxyls, SiO(H)Al,

that corresponds to two hydroxyl groups, SiO(H)Al, per unit cell. The cell parameters

were fixed to those provided by the International Zeolite Association.20 The calculations

were performed on the relaxed structure by using the DMol3 ab-initio simulation package in

Materials Studio software24 and the eigen modes were obtained from the dynamical matrix.
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All electronic functions were calculated at the Γ point and the dynamical matrix for any

point in reciprocal space was generated and diagonalised to compute phonon eigenmodes i.

The double numerical plus-d-function basis set (DND) all-electrons basis set was used for

all the calculations. The DND basis set includes one numerical function for each occupied

atomic orbital and a second set of functions for valence atomic orbitals, plus a polarization d-

function on all atoms. Perdew-Burke-Ernzerhof parametrization of the generalized gradient

approximation (PBE-GGA) was used in all the calculations.25,26 The corresponding DFT

quantum chemical calculations provide information on the frequencies of normal modes of

the given systems and the amplitudes of the atomic displacements from the equilibrium

positions. The calculated neutron scattering spectra can be approximated as ∼ gH(E).

Computational details: ab-initio Molecular Dynamics Simulations. In ab-initio

Molecular Dynamics (AIMD) simulations, the atoms are moved according to classical New-

ton’s mechanics whereas the interatomic forces acting between atoms are computed according

to quantum mechanics, solving from first-principles the electronic structure for a given set of

atomic positions and then calculating the resulting forces on each particle. In this case, the

vibrational spectra can be extracted from MD trajectories, via the Time Fourier Transform

of the velocity-velocity autocorrelation function:

g(ω) =

√
1

2π

∫ ∞
−∞

eiωt
∑
i

〈~vi(t)~vi(0)〉
〈~vi(0)~vi(0)〉

dt (1)

where the function 〈~vi(t)~vi(0)〉
〈~vi(0)~vi(0)〉 is the velocity-velocity autocorrelation function (VAF), cal-

culated from a chosen initial time (t=0) for the MD trajectory and for each atom of the sys-

tem i, along all three components of the velocity ~vi. The AIMD simulations were performed

using CASTEP code.27 All calculations use optimised ultrasoft pseudopotentials generated

with the Perdew-Burke-Ernzerhof (PBE)26 functional within the generalized-gradient ap-

proximation (GGA). We used a plane-wave cut-off energy of 500 eV. For the calculations the

same cells as for the normal modes calculations were used. Optimized structures were used
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as input for the production of AIMD trajectories. They were firstly thermal equilibrated at

300 K in the NVT ensemble over 4 ps with a 1.0 fs timestep. The equilibration run was

followed by a production run of 10 ps, performed also in the NVT ensemble at 300 K. The

density of states (DOS) was then computed as time-Fourier transform of the velocity auto-

correlation function (VACF) computed from the coordinates of each step of the trajectories,

as implemented in the nMOLDYN program.28

Details of the crystallographic models used for the calculations. The calculated

unit cell has the formula Si34Al2O72H2 in order to have a Si/Al = 17 close to the experimental

one (Si/Al=16). Two models were initially used for the ab-initio calculations. The main

difference between the models is that in model 1 (M1) the two protons are placed on the

crystallographic oxygens O2H and O3H, both pointing to a 8-ring, and in model 2 (M2) the

protons are placed on O1H and O3H, pointing to a 6-ring and 8-ring respectively. These

structures were used for all the calculations for this system and subsequent hydrated versions

of this system were studied from models produced from the above structures.

Ab-initio Molecular Dynamics simulations were performed on two hydrated models : i)

low loading, with 1 water molecule per unit cell, corresponding to 0.87 weigth % and will be

called ’1W’, and ii) high loading, with 6 water molecule per unit cell, corresponding to 5.0

weigth % that will be called ’6W’. These loadings can also be converted into water molecules

per ’cha’ cage by taking into account that there are 3 cavities per unit cell (see Figure S4 in

SI).

RESULTS AND DISCUSSION

Dehydrated chabazite. Figure 1 shows the comparison between the measured INS results

of the dehydrated CHA16 and hydrogen partial density of states, gH(E), from the normal

modes calculations for the two models, M1 and M2. The comparison between the models

and the experimental spectrum does not allow us to disclose completely any of the models.
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Since with a unique unit cell is difficult to reproduced the low energy modes that are a

combination of the zeolite framework relaxation and the out-of plane bending modes, the

choice of M2 is based on the better reproduction of the in plane Si-OH wag (at ∼ 1100 cm−1)

that suggests that the proton distribution in chabazite is in majority the M2 configuration.

From the frequency analysis of the vibrational bands is possible to identify the charac-

teristic bands: at ∼ 400 cm−1 the hydroxyl hydrogen wag out of the plane of the Al-O-Si

bridge in the lattice, at ∼ 800 cm−1 the riding mode of the Si-OH bond stretch and at ∼

1100 cm−1 the hydroxyl hydrogen wag in the plane of the Al-O-Si bridge in the lattice. The

position of these vibrational bands are close to the ones identified on the LTA with different

Si/Al ratios.29,30

0 500 1000 1500 2000

Model 1
Model 2

G
D

O
S

 (E
) g
H  (E)

E (cm-1)

400

800

1100

Figure 1: Comparison of the experimental results for the dehydrated CHA16 with the Hydro-
gen partial density of states, gH(ω), from the normal modes calculations for the two models
described in the text.

Low water loading chabazite (CHA-6W, 6 water/u.c., 5% weight water; 3

water/acid site).

The disorder induced in the system by the introduction of water molecules cannot be

reflected by using DFT calculations since several unit cells should be used for the calculation.

For that reason this disorder was introducing with anharmonicity effect by performing AIMD
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simulations at 300 K for the hydrated systems. Since for the dehydrated zeolite another

calculation method was employed (DFT calculations) a comparison of the density of states

obtained by two different methods (DFT and AIMD) is shown in the SI.

Figure 2 shows the model used for the calculations of the hydrated zeolite with one water

molecule (CHA16-1W). For the location of the water molecule the total energy of the system

was calculated, and the minimum was found when the water molecule is H-bonded to the

Brønsted site of the zeolite.

1.75 Å 

Figure 2: Model of CHA16 with one water molecule (1W) H-bonded to the zeolitic OH group.
The dashed grey lines represent H-bonding in the system. Si = pink, O = red, Al = blue, H
= white

As it can be seen in Figure 2, obtained from energy minimization, water binds to a

Brønsted site within the pore. This shows the water docks to the acidic protons, at a

distance d(Hzeolite......Owater) = 1.75 Å, as is illustrated in the zoom of Fig. 2, but one of

the water hydrogens form a H-bond with a framework [non hydroxyl] oxygen, increasing

the stability of the water in that bonding site. The above model was used for the AIMD

simulations.

For the calculation of the density of states (DOS), three different species were considered:

two hydrogen in structural hydroxyls (OH non coordinated and OH coordinated with the
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water molecule) and the hydrogens of the water molecule (1W). From the velocity-velocity

autocorrelation of these two species (Eq. 1) their partial density of states were obtained. The

results, together with the total hydrogen density of states gallH, are shown in Figure 3 for the

CHA16-1W. This allowed us to identify the characteristic bands that are [approximately] at:

400 cm−1 [Brønsted site hydrogen wag out of the plane of the Al-O-Si bridge in the lattice],

500 cm−1 [synchronous asymmetrical water wag], 1050 cm−1 [Brønsted site hydrogen not

coordinated to water wag in the plane of the Al-O-Si bridge in the lattice] and 1400 cm−1

[Brønsted site hydrogen (coordinated to water) wag in the plane of the Al-O-Si bridge in

the lattice]. The INS results of CHA16-1W is superimposed with the calculated DOS. The

fingerprint region of the three spectra overlap very well, apart from the region around 800

cm−1 that corresponds to the second harmonic of the peak at 400 cm−1 that overlaps with

the riding mode of the Si-OH bond stretch of the dehydrated zeolite.

0 500 1000 1500 2000

all Hydrogens
1W
OH non coordinated
OH coordinated

CHA16 0.87%wt H2O --> 0.5H2O/acid site

G
D

O
S

 (E
) (

ar
b.

 u
ni

ts
)

E (cm-1)

Contributions to the AIMD

400

800 1050

1400

Figure 3: Comparison of the experimental results for the CHA16-1W (0.87 % weight) and
with the Hydrogen partial density of states, gH(ω), from the ab-initio molecular dynamics
simulations.
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To further validate this work and confirm the water H-bond to the zeolitic SiO(H)Al,

potential energy surfaces (PES) were calculated. Figure 4 shows the PES for the proton

transfer between water molecule and the chabazite at different distances from the hydroxyl

oxygen of the zeolite (Oz) to the oxygen of the water/hydronium (Ow). The PES shows

that the proton transfer occurs more favourably at O-O distance equal to 2.5 Å, with an

activation barrier of 15 kJ/mol. The process is endothermic, and hence the reverse reaction

is always preferred, showing in this case 5 kJ/mol as barrier.

Figure 4: PES of proton transfer from hydronium [squared minima on the right] back to the
chabazite [circled minima on the left.] The distances in the legend shows the distance between
the hydroxyl-oxygen of the zeolite (Oz) and the oxygen of the water/hydronium (Ow). The
curve at d(O-O)=2.5 Å (highlighted in the inset) shows that the proton can be transferred to
water with a barrier of 15 kJ/mol, and the reverse process requires only 5 kJ/mol.

High water loading chabazite (CHA-6W, 6 water/u.c., 5% weight water; 3

water/acid site). Figure 5 shows the comparison of the INS spectra of the three systems

under study: the dehydrated chabazite, with 0.87 % and 5 % weight of water. The spectrum

of ice-h is shown as well on Figure 5 for comparison. Since the scattering cross section of the

Hydrogen atoms is very large in comparison with the other atoms, it can be estimated that

the scattered intensity comes from the Hydrogen atoms. The experimental results shown in

Figure 5 are the spectra normalised to the amount of Hydrogens in the samples: 2, 4 and
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14 for the dehydrated, 0.87 % and 5 % chabazite, respectively. As it can be observed, the

intensity of the characteristic vibrational bands of water (librational bands at 550 cm−1 and

bending modes at 1600 cm−1) increase with the hydration state of the sample.

0 1000 2000 3000 4000

CHA16-dry
CHA16 0.87%wt H

2
O --> 0.5H

2
O/acid site

CHA16 5%wt H
2
O --> 3H

2
O/acid site

Iceh

G
DO

S 
(ω

)

E (cm-1)

400

550

1400

Figure 5: Comparison of the measured generalized density of states for CHA16-dry (dehy-
drated CHA16), 1W (0.87 % weight) and 6W (5 % weight). The spectra of Ice-h is also
shown for comparison taken from Reference.32

From Figure 5, it can be observed two main differences. i) The librational band of the

0.87 % sample is shifted to lower energy (400 cm−1) than that of the 5% sample (550 cm−1).

This shift is originated by the overlap of two contributions that were described with the

analysis of the AIMD trajectories (Figure 3): the librational band of the water molecule (∼

450 cm−1) and the OH wag out of plane of the non-coordinated SiO(H)Al (∼ 400 cm−1). ii)

The other difference is the change of intensity of vibrational band appearing at 1400 cm−1,

corresponding to the OH wag in plane of the coordinated SiO(H)Al with water.

In order to identify the spectral changes on the experimental results, AIMD simulations

were performed. Figure 6 shows a snapshot of the AIMD simulation with a representation

of a 2 × 2 × 1 unit cell in order to clearly visualize the positions of the Al atoms, one in the

8-ring and the other on the 6-ring. From the very beginning of the simulation two protons
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were transferred from the zeolite and two hydroniums were formed (a snapshot of the AIMD

simulations is shown in Figure 6). This result is in agreement with the study of the stability

of the proton in zeolites with the presence of water molecules (monomers and dimers)13

and with a recent study combining NMR and MD simulations.19 Such a cluster appears to

be stable during the time of our simulations, where the H-bond can be continously formed

between the water molecules, the hydronium cations and the zeolitic oxygens. Therefore for

the calculation of the DOS, two different species were considered: the hydrogens of the two

hydronium molecules (2H3O
+) and the hydrogens of the four water molecules (4W). From

the velocity-velocity autocorrelation of these two species (Eq. 1) their partial density of

states were obtained. The results, together with the total hydrogen density of states gallH,

are shown in Figure 7. The vibrational bands of the calculated spectra corresponding to

the hydronium are: at 900 cm−1 for the librational bands, 1200 cm−1 for the symmetric and

1600-1700 cm−1 for the antisymmetric bending modes of these hydronium species. The latter

values are close to the ones found in literature by means of IR and Raman spectroscopy of

hydronium ions.31 The width of the librational band measured experimentally cannot be

reproduced with the AIMD simulations since this depends on the local organization of the

water molecules. Since one unit cell has been simulated, is not possible to simulate the

different water configurations that can be observed in a such disorder system.
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Al in 8-ring 

Al in 6-ring 

Figure 6: Snapshot of the AIMD simulations of CHA16-6W with a representation of a 2 ×
2 × 1 unit cell showing the formation of hydronium ions. Hydrogen atoms from the zeolite
leading to hydronium cations are highlighted with a larger size (only one is visible due to the
orientation on the unit cell).

Figure 6 shows a snapshot of the AIMD simulation with a representation of a 2 × 2

× 1 unit cell in order to clearly visualize the positions of the Al atoms, one in the 8-ring

and the other on the 6-ring. From the simulations of CHA16-6W, it can be observed that

a 4-water cluster is formed, which contributes to stabilize the two hydroniums. This result

is in agreement with the study of the stability of the proton in zeolites with the presence

of water molecules (monomers and dimers)13 and with a recent study combining NMR and

MD simulations.19 Such a cluster appears to be stable during the time of our simulations,

where the H-bond can be continously formed between the water molecules, the hydronium

cations and the zeolitic oxygens.
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Figure 7: Comparison of the experimental results for the CHA16 with 6 water molecules
and with the Hydrogen partial density of states, gH(ω), from the ab-initio molecular dynamics
simulations.

A close inspection to Figure 7 shows that the band at 1600-1700 cm−1 increases its in-

tensity as the H3O
+ species become increasingly present and that overlaps with the water

bending modes. Our AIMD calculations show that: at low water content when no hydro-

niums are present only a peak at 1600 cm−1 is present (Figure 3), whilst at larger water

content when hydroniums are formed, two close peaks at 1600 and 1700 cm−1 are formed

(Figure 7), resulting in an increased intensity of the overall band, in agreement with the INS

experimental spectra. It should be noted that the intensity of the calculated intensity of the

bands appearing at ∼ 1600 cm−1 is very high when compared with the experimental one.

From Eq. 4 of SI it can be observed that the intensity of the vibrational bands is damped by

an exponential term, the Debye Waller factor, that depends on two factors: the temperature

and the momentum transfer, Q. The experiment is performed at low temperature in order to

decrease as maximum the thermal agitation of the atoms, however the momentum transfer
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on a inverse geometry instrument as Lagrange with ki � kf is Q ≈ ki. This means that high

energies implies high Q values and therefore the exponential term will damp the intensity of

the vibrational bands appearing at higher energies.

An inspection of the low energy bands (translational and optic modes) and librational

bands of the experimental GDOS of CHA16-6W (Figure 5) allow to obtain information about

the network of H-bonds. The broadening of the translational band at ∼ 49 cm−1 and the

absence of the H-bonds stretching (if compared with the spectrum of Ice-h) appears as a

consequence of the disorder of the water molecules in the cluster.32,33 Since the large water

loading refers to 6 water molecules/u.c., and all water molecules locate in the same cavity

(Figure 6), this results in an effective loading of 6 water molecules/cavity. This corresponds

to a water density of 0.5 g/cm3 (half the density of bulk water), giving a large mobility of

water molecules inside the cavity which can be the origin of the observed broadening of the

translational band. And as a consequence of this geometrical aspects the librational band

appears at lower energies, ∼ 450cm−1 that is characteristic of water molecules forming three

H-bonds,34 if compared with the position on the ordered phase Ice-h (∼ 550 cm−1) forming

four H-bonds.

In order to check the validity of the model M2 as the one that better describe the

system, AIMD simulations were performed as well on the model M1. As it was observed

on the evolution of the trajectories during the simulation time, the location of the proton

determines the cluster of the water molecules and the proton transfer. When using the M1

only one proton is transferred in such a way that there is one proton hydrogen bonded to

one water molecule, and another proton that is transfer to the water cluster. In this case the

H-bond network created by the cluster is relatively weak and this can be observed by the

position of the librational band of the water molecules that appears at lower energy (∼ 350

cm−1) that the experimental one. The decomposition of the calculated density of states with

the different contributions is shown in SI. When using the M2 two protons are transferred

to the water cluster and a stronger H-bond is created and the calculated librational band
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reproduce the experimental results. This appears as another argument to use the M2 model

for simulating the hydrated structure.

The AIMD simulations allowed us to perform a detailed analysis of the stretching spectral

region and isolate the contribution of the different especies from the signal. Figure 8 shows

the comparison of the two hydrated systems, 1 W and 6 W, with the different species:

1 water molecule (1W) for CHA16-1W and 2 hydroniums (2H3O
+) and 4 water molecules

(4W) for CHA16-6W. The stretch frequency of the water molecule of CHA16-1W has a main

vibrational band at ∼ 3750 cm−1 that corresponds to an isolated water molecule. The water

molecule is H-bonded to the proton of the zeolite, but the hydrogens are not H-bonded.

However in CHA16-6W the stretching frequency of the water molecules appears at lower

energies since the molecules are forming a ring through the H-bonds with the oxygens of the

water molecules (OW) and with the oxygens of the zeolite framework (Oz) and can be seen

in Figure 6.

H3O+ 
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unperturbed O-H 
in H2O

water  OH bonds 
involved in weak H-

bonds to Oz

g H
 (E

)

2500 3000 3500 4000

1W

2H
3
O

4W

E (cm-1)

CHA16-6W

CHA16-1W

Figure 8: Zoom at the stretching region of the density of states obtained from the trajectories
of the AIMD simulations of CHA16 with two hydration states: 1W and 6W.
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CONCLUSIONS

The combination of INS and Molecular dynamic simulations, with highly crystalline zeolite

samples, has allowed to provide a clear picture of the water-acid site interaction in zeolite

chabazite (Si/Al=16). It has been demonstrated that there are two regimens of water ad-

sorption, which depend on the water loading. i) At low water coverage (water/acid site ∼

0.5), the main interaction between water and the zeolitic acid sites are established through

hydrogen bond and there is no proton transference to water. ii) At relatively high water

loading (water/acid site ∼ 3), it has been observed the clustering of water molecules and

hydronioum cations formed by the complete transference of the zeolitic proton to the water

molecules.

These conclusions were based on the good agreement between the INS experiments and

the theoretical calculations from which the assignation of bands can be obtained and allowed

to give accurate information about the state of water and Brønsted acid sites. One signature

of the presence of hydronium ions has been found in the increased intensity of the band at

1600-1700 cm−1 (antisymmetric bending mode), where the contribution near 1700 cm−1 is

due to the hydronium ions as confirmed by ab initio molecular dynamics. It seems that in

the high water loading, the formation of water-hydronium clusters interacting with oxygen

atoms of the zeolite framework provides the stabilization energy needed for the protonation

of water molecules confined in the cavities of chabazite.These results are the experimental

evidence obtained from INS of proton transfer from the zeolitic acid site and the hydronium

formation and are in agreement with a previous computational and very recent Solid State

NMR spectroscopy studies.18,19

The inspection of the low energy bands (translational and optic modes) and librational

bands of the experimental results allows to obtain information about the network of H-

bonds. The broadening of the translational band in CHA16-6W and the absence of the

H-bonds stretching (if compared with the spectrum of Ice-h) appears as a consequence of

the disorder of the water molecules in the cluster given the high mobility in the cavity. The
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librational band of the water molecules in the calculated spectrum appears at lower energies,

∼ 450 cm−1 that is characteristic of water molecules forming three H-bonds,34 if compared

with the position on the ordered phase Ice-h (sharp band band at ∼ 550 cm−1) forming four

H-bonds.

The combined study shown in this work based on INS and AIMD simulations has been

used first, to validate the model for the calculations, and second to obtain information

about the H-network of the water molecules. This kind of study can be particularly useful

for understanding the influence of the geometry of the cavity and the Al position in the

framework on the H-bond network of the hydronium-water cluster.
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