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ABSTRACT: Water is ubiquitous in zeolite catalysis, and
electronic structure calculations play a crucial role in arriving at
an atomistic understanding of water� zeolite interactions. However,
a critical evaluation of the performance of di� erent electronic
structure methods in describing the interactions between water and
zeolites is still missing. Here, we model the adsorption of one water
molecule in all-silica chabazite (CHA) and of one and two water
molecules in the acidic zeolite SSZ-13 using di� erent electronic
structure methods, which include 11 density functional theory
(DFT)-based methods and two post Hartree� Fock (HF)
methods, namely, the random phase approximation (RPA) and
second-order Møller� Plesset (MP2) perturbation theory. We� nd
that all DFT functionals lead to similar structures as long as water
is strongly coordinated to the adsorption site, but adsorption energies vary in a range of 50 kJ/mol between the used methods.
Subsequently, we useab initiomolecular dynamics calculations to show that all methods reproduce the experimentally observed
hydrophobicity of purely siliceous zeolites. Comparing DFT energetics with RPA and MP2 calculations shows that PBE and revPBE-
D3 adsorption energies show the best agreement with RPA, while BEEF� vdW agrees the best with MP2 results. At the same time,
the performance of PBE functional without any dispersion correction is less consistent with respect to di� erent adsorption sites
(BAS, LAS, or the zeolite wall of all-silica CHA) and the BEEF� vdW functional fails to reproduce relative stabilities of the
protonation sites. For the adsorption of two water molecules, most methods agree on the formation of a protonated water dimer, and
only vdW-DF, vdW-DF2, and BEEF� vdW prefer the formation of a neutral complex. Based on these results, we suggest using the
revPBE-D3 functional model water adsorption in purely siliceous or protonated zeolites since it can correctly capture covalent and
dispersion interactions, is computationally e� cient, correctly predicts the formation of a positively charged water dimer, and is able
to closely reproduce adsorption energies calculated at the RPA or MP2 level of theory.

I. INTRODUCTION
Zeolites are nanoporous, crystalline materials, which are mainly
composed of Si, Al, and O atoms. In their purely siliceous
form, zeolites are relatively inert, but the framework can be
chemically functionalized by substituting a Si atom for an Al
atom. Since Al has one less valence electron, a local negative
charge is required to saturate all bonds to the surrounding O
atoms, which is then compensated by the presence of a cation.
This cation can be a Brønsted acid site proton (BAS) or a
metallic Lewis acid site (LAS), and depending on the nature of
the charge compensating cation, zeolites have a broad range of
applications in catalysis, separations, or adsorption.1,2 The
performance of a given zeolite material is closely connected to
the type and chemical environment of the active center. At the
same time, in many of these processes, water is present, which
also directly impacts catalytic performance. It has been shown
to directly coordinate to (or solvate) active centers such as
BASs or transition-metal ions (e.g., Cu), or, given the right
conditions, dealuminate the zeolite framework.3� 5 Hence, a
detailed understanding of the interactions between water and

active sites in the zeolite, as well as the zeolite framework, is
required.

Characterization of water� zeolite interactions has, therefore,
been an area of intense investigation. Water adsorption on the
BAS and formation of protonated water clusters, such as
hydronium ions, have been studied using many spectroscopic
techniques, in particular, Fourier transform infrared (FT-IR)
and NMR spectroscopy.6,7 Studies on large zeolite ZSM-5
crystals provided detailed insights into the impact of water on
the zeolite integrity, which can be signi� cantly impaired at
elevated temperatures due to water-induced zeolite deal-
umination.8,9 Novel zeolite applications, such as zeolite-
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catalyzed biomass conversion, involve water formation or
require an aqueous environment.10 In these cases, the presence
of water alters zeolite catalytic activity and stability.11� 15 A
dramatic structural collapse of the zeolite framework has been
observed for zeolites in the presence of supercritical water;
however, this phenomenon is still poorly understood.11,16

Despite large interest, a detailed understanding of zeolite�
water interactions from an experimental perspective alone
remains challenging. Typically, a distribution of active sites and
defects is present in a realistic zeolite structure, and all parts of
this distribution will interact di� erently with water and lead to
di� erent water arrangements. The complexity of this
distribution and potential water arrangements in many cases
renders an unambiguous deconvolution of experimental results
with respect to all possible motifs impossible.

Due to these limitations, electronic structure calculations
have started to play an ever more important role in
understanding zeolite� water interactions, in particular, and
zeolite catalysis in general.17,18 For example, De Wispelaere et
al. used molecular simulations together within situspectros-
copy to probe the e� ect of water on the methanol-to-ole� n
(MTO) process. The authors found that during the reaction
water molecules compete with methanol molecules for
adsorption on the BASs, which attenuates coke formation,
thus rationalizing improved catalyst performance.19 Mecha-
nistic insights into water-induced zeolite dealumination have
been gained from a series of recent density functional theory
(DFT) investigations.20� 24 It has been shown that the water
attack starts by the adsorption on the Al atom (LAS) and the
process is catalyzed by multiple water molecules, leading to
various reaction pathways.20,22

At the same time, the accurate description of the adsorption
of small molecules in zeolites using the most commonly
applied electronic structure methods is di� cult. These
di� culties are directly related to the interactions between
molecules and their zeolitic hosts. On the one hand, molecules
in con� ned spaces can form chemical bonds with adsorption
sites, which are determined by the local charge density
between the adsorption site and molecule. On the other hand,
molecules are also exposed to dispersion interactions with the
zeolite framework, which are nonlocal in nature. The most
used method in electronic structure calculations, namely, DFT
in its general gradient approximation (GGA), is a semilocal
method, which, in principle, is unable to capture nonlocal
dispersion interactions.

Signi� cant e� ort has been invested to remedy these
shortcomings, and, in particular, two methods have been
proven to be successful. In one approach, an attractive two-
body force� eld is added on top of the forces obtained from
density functional theory (DFT-D). Several ways to calculate
the force� eld parameters have been suggested, and up until
today, methods developed by Grimme et al., which are either
based on average interaction parameters for each element
(DFT-D2)25 or are varied with the bonding environment of
each atom (DFT-D3),26 are highly popular in the� eld.
Empirical coe� cients have been derived for a large range of
DFT functionals, which include GGA functionals and hybrid
functionals such as the B3LYP functional.27� 30 A di� erent
strategy was suggested by Dion et al., who introduced a
nonlocal correlation term, which depends on the charge
densities at two points (vdW-DF).31 Klimes�et al. found that
the performance of vdW-DF is crucially dependent on the
GGA exchange term included in the functional and tested the

performance of a variety of functional forms, such as optB88-
vdW (DFT-vdW in general).32 Additionally, vdW-DF has been
re� ned by Lee et al. (vdW-DF2),33 and Wellendor� et al. used
a machine learning-based optimization algorithm to optimize
the exchange term for vdW-DF2, which led to the BEEF� vdW
functional.34 Another computationally less expensive nonlocal
vdW functional is the VV10 functional35 and its revised version
(rVV10).36 These methods are optimized for periodic
boundary condition calculations and have been shown to
outperform earlier approaches in the description of weakly
bound complexes.

At the same time, understanding the performance of these
functionals in describing the adsorption of small molecules in
zeolites is notoriously di� cult. This is related to two main
factors in comparing experimental and theoretical results: (i)
reliable experimental information, which shows the adsorption
strength of exactly one molecule to one well-de� ned active site,
is di� cult to obtain and (ii) small molecules adsorbed into
zeolite pores retain signi� cant amounts of translational
entropy, which makes the calculation of free energies of
adsorption, which can be directly compared to experimental
results, more di� cult.

Another way to assess the performance of DFT-based
methods is the comparison to higher-level methods, such as
the second-order Møller� Plesset perturbation theory (MP2)
or the adiabatic-connection-� uctuation-dissipation-theorem in
its random phase approximation (RPA).37� 40 These post
Hartree� Fock (HF) methods calculate the correlation energy
by considering occupied and unoccupied orbitals and are
intrinsically able to capture all local and nonlocal molecule�
zeolite interactions.41 RPA and MP2 have been used to study
alkane adsorption,42,43 hydrocarbon conversions,44,45 the
conversion of biomass,46 MTO reactions,47 the conversion of
methane to methanol over Fe-oxo sites in zeolites,48 and the
stability of di� erent Cu sites in zeolites.49 In particular, the
calculation of adsorption energies of small molecules in zeolite
SSZ-13, the high silica form of zeolite chabazite (CHA), is
feasible at MP2 and RPA levels and the results can be used as
reference values for other electronic structure calcula-
tions.42,43,50

Here, we calculate the adsorption energies of one water
molecule in three di� erent adsorption con� gurations:
adsorption into the cavity of purely silicious chabazite
(CHA) and adsorption to the BAS and to the LAS of the Al
atom in the H-form of zeolite SSZ-13. Additionally, we
investigate the adsorption of two water molecules in the H-
form of zeolite SSZ-13. We use various DFT-based methods
(PBE, PBE-D2, PBE-D3, revPBE, revPBE-D3, vdW-DF,
optB88-vdW, vdW-DF2, and BEEF� vdW, rVV10), the hybrid
functional B3LYP-D3, and the post-HF methods MP2 and
RPA. We optimize the structures at the DFT level and
subsequently report adsorption strengths of water to all
possible adsorption sites. Finally, we compute temperature-
dependent adsorption free energies in siliceous zeolite SSZ-13
usingab initiomolecular dynamics (AIMD) simulations. We
then critically evaluate the performance of the DFT-based
methods with respect to RPA and experimental observations
and discuss how well these methods are able to describe this
speci� c adsorption process.

II. METHODS
II.I. Zeolite Model. In this study, we investigate the

adsorption of water in the all-silica CHA and in the H-form of
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zeolite SSZ-13, which has the chabazite framework. The
rhombohedral unit cell of chabazite consists of 12 symmetri-
cally equivalent tetrahedral sites (T-sites) occupied by either Si
or Al atoms, each surrounded by four symmetrically di� erent
oxygen atoms labeled as O1 to O4.51 The O1 site is in the
four-membered ring (4MR) on the side of the hexagonal
prism, O2 belongs to one 4MR, one 6MR, and one 8MR; O3
belongs to two 4MRs and one 6MR; and� nally, O4 is located
between two hexagonal prisms (Figure 1). The introduction of

Al induces an electron de� ciency in the framework, which is
compensated for by the presence of a hydrogen atom bonded
to a neighboring oxygen atom forming a (Si� O(H) � Al) BAS.
As an example, the structure of zeolite H-SSZ-13 with a proton
bonded in the O1 position is shown inFigure 1.

All calculations were carried out using periodic boundary
conditions for a single primitive unit cell of the CHA zeolite
framework, and we relied on lattice constants optimized using
the PBE functional and a TZV2P basis set. As shown inTables
S1 and S2of the Supporting Information (SI), the choice of

the XC functional for the cell optimization has only a negligible
in� uence on the results. The relaxed unit cell parameters for
the all-silica CHA and the H-form of zeolite SSZ-13 model
werea = b = c= 9.309 Å,� = � = � = 93.92°, anda = 9.388 Å,
b = 9.364 Å,c = 9.342 Å,� = 93.56°, � = 94.01°, � = 94.41°,
corresponding to unit cell volumes 800.78 and 814.85 Å3,
respectively.

A single water molecule can be adsorbed in two di� erent
locations around the active site,i.e., bonded to the BAS (the
proton) or the LAS (the Al atom), as illustrated inScheme 1.
In this work, we have systematically explored the adsorption of
one water molecule on either the BAS or the LAS. We have
studied these adsorption processes for all possible protonation
sites, which results in eight di� erent structures for acidic SSZ-
13. Additionally, we studied adsorption of water in the all-silica
CHA, in which water is physisorbed, as well as the
simultaneous adsorption of two water molecules. In this
context, multiple water� zeolite complexes have been consid-
ered in the literature.22 Here, we focus on two of these
complexes, namely, the formation of a water dimer interacting
with the acidic proton and a situation where the proton is
donated to the water molecules and a positively charged H5O2

+

dimer is formed (Scheme 1).
II.II. Computational Details. All structure optimizations

were performed using periodic boundary conditions using the
Gaussian and plane wave method,52 as implemented in version
6.1 of CP2K software,53 with PBE-Goedecker� Teter� Hutter
(GTH) pseudopotentials.54 The target accuracy of the self-
consistent SCF cycle was set to 10� 7 charge units and the plane
wave cuto� to 900 Ry, while a relative cuto� of 50 Ry was used
for the mapping of Gaussians on multigrid levels. All
calculations were performed using only the� -point ink-space.

Adsorption energies were computed using the following
functionals: PBE,55 PBE-D2,25,55 PBE-D3,26,55 revPBE,56

revPBE-D3,26,56 vdW-DF,31 vdW-DF2,33 optB88-vdW,32

BEEF� vdW,34 rVV10,36 and B3LYP-D327� 30 and compared
against RPA and MP2 adsorption energies. Following the
original de� nition of VV10, the full exchange� correlation
energy in the rVV10 functional has been obtained by
combining the nonlocal correlation of VV10 with the re� tted
Perdew� Wang exchange functional (rPW86)57 and PBE
correlation.35 For all calculations, Grimme’s D3 correction
with zero damping was used. For DFT calculations, the
TZV2P MOLOPT basis set was used, while for MP2 and RPA,
we have used the RI scheme implemented within CP2K using
valence-only correlation consistent-type Gaussian basis sets,
namely, cc-TZVP for Al and Si atoms and cc-QZVP for H and
O atoms, with auxiliary RI functions of the same quality.58� 60

For computing of the Hartree� Fock exchange in the B3LYP-

Figure 1.Framework structure of zeolite SSZ-13 with the chabazite
(CHA) topology. The unit cell contains 36 atoms of which 12 are
crystallographically equal T-sites occupied by either Si or Al atom
surrounded by four di� erent oxygen atoms (O1� O4). Oxygen atoms
are displayed in red, silica atoms in yellow, the aluminum atom in
pink, and hydrogen in white color.

Scheme 1. Schematic Representation of Water� Zeolite Complexes upon Water Adsorption on the BAS (the Proton A) or the
LAS (B) and Simultaneous Adsorption of Two Water Molecules on the BAS, Which Can Result in the Formation of Neutral
Water Dimer Adsorbed on the BAS (C) or the Formation of Charged H5O2

+ Dimer (D)
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D3 functional, we used the auxiliary density matrix method
(ADMM)61 with the aug-pFIT3 auxiliary basis sets. The
B3LYP-D3, RPA, and MP2 calculations were performed on top
of the geometries optimized using the PBE-D3 functional. The
dependence of adsorption energies on the input structures was
tested for the H-SSZ-13 model and the O1 protonation site,
for which we have recalculated the adsorption energies using
structures optimized by all tested functionals. The Coulomb
integrals in HF exchange were described using the truncated
Coulomb operator with a truncation radius equal to 4.5 Å
(approximately one-half of the simulation cell). Subsequently,
all GGA calculations were subjected to the basis set
superposition-error (BSSE) correction using the counterpoise
correction. All convergence tests are summarized inSection S2
and Tables S3� S7. The convergence of the adsorption
energies with respect to the basis set is summarized inTable
S3of the SI. InTables S4 and S5of the SI, BSSE-corrected and
BSSE-uncorrected adsorption energies for all tested structures
and functionals are given. The adsorption energies of MP2 and
RPA calculations were extrapolated to complete basis set limit
(CBS) with the cubic interpolation formula62� 64

E E AXX X
3= +��

Š
(1)

whereX is the cardinal number of the basis set andEX� � is the
energy in the CBS limit, andA represents a slope of the linear
� t, which is used to obtainEX� � . X-values of 3.0 and 3.7 for
cc-TZVP and combined cc-TZVP/cc-QZVP basis sets were
used. The value 3.7 has been chosen based on the ratio
between the number of H and O atoms treated on the cc-
QZVP level and Si and Al atoms treated on the cc-TZVP level.
The reliability of this formula has been previously con� rmed
for both RPA and MP2 methodologies,65 as well as correlation
consistent Gaussian basis sets.58 RPA and MP2 adsorption
energies computed using both cc-TZVP and cc-TZVP/cc-
QZVP basis sets and their extrapolation to CBS limit are
tabulated inTable S6of the SI. Example input� les for RI-MP2
and RI-RPA calculations can be found in the SI,Section S6.

To couple our results with experimental observations, we
performab initiomolecular dynamics (AIMD) simulations and
compute temperature-corrected internal and Helmholtz free
energies based on the procedure previously used by Go�ltl et
al.66 A detailed explanation of this approach applied here is
given in the Supporting Information,Section S4.1. We focus
on the adsorption of one water molecule in all-silica CHA,
which is closely correlated to the experimentally observed
hydrophobicity. AIMD calculations were performed in the
NVT ensemble at room temperature (298 K), using the
revPBE-D3 functional and the same settings as for static DFT
calculations, except that the target accuracy of the self-
consistent SCF cycle was set to 10� 5 charge units. The system
was initially equilibrated for 3 ps, which was followed by a 10
ps production run with a time step of 0.5 fs. Next, we
approximated temperature-dependent adsorption energies of
other methods using the correction obtained from AIMD at
the revPBE-D3 level

U T E U T E( ) (0 K) ( )x X revPBE D3 revPBE D3= + ŠŠ Š (2)

where Ux(T) indicates the temperature-dependent internal
energy,X refers to the method of interest such as RPA or PBE,
and EX is the energy obtained from static DFT calculations.
Finally, these values were used to estimate Helmholtz free
energies AX(T). For more details, the reader is referred to the

literature.66 Helmholtz free energies of adsorption are
calculated as

A T A T A T A T( ) ( ) ( ) ( )X X X X
ads H O zeo zeo H O2 2

= Š Š+ (3)

whereAH2O+zeo
X (T) and Azeo

X (T) were calculated from AIMD
calculations, whileAH2O

X (T) was obtained from static
calculations in combination with tabulated values in the
NIST chemistry webbook67 (seeSection S4.1in the SI).

III. RESULTS
III.I. Structure and Relative Stability of Proton

Positions in H-SSZ-13.First, we examined the relaxed
structures of the H-form of zeolite SSZ-13 after performing
geometry optimization using di� erent functionals. In the H-
form of SSZ-13, Al� O(H) and Si� O(H) bonds are elongated
with respect to the other Al� O and Si� O bonds. To better
understand the di� erences in geometries predicted by various
functionals, we� rst compare the Al� O(H) and Al� O bond
lengths. The results are compiled inTable S8of Section S3. All
functionals predict an Al� O(H) bond length between 1.88
and 1.94 Å. The inclusion of dispersion interactions has a
negligible e� ect on the geometry around the active site, and all
dispersion-inclusive schemes induce a small elongation of the
Al� O(H) bond by at most 0.01 Å compared to equivalent
approaches without dispersion corrections (PBE, revPBE).
Most structures are similar for all functionals and protonation
sites, except for BEEF� vDW and the structure protonated on
the O2 position, where the BAS points toward the zeolite cage
(Figure 2).

As a next step, we compare the relative stability between the
four di� erent proton positions with respect to the GGA
exchange� correlation functional and� nd that in most cases
the variation in relative energy is smaller than 5 kJ/mol, and
only BEEF� vdW shows larger di� erences (O2,Table 1).
Nevertheless, this small variation in the relative stability of
di� erent proton positions leads to changes in their energetic
ordering. Both the PBE and revPBE functionals predict the

Figure 2.Overlayed relaxed structures of the H-form of zeolite SSZ-
13 protonated on the O2 oxygen atom using the following
functionals: PBE,55 PBE-D2,25,55 PBE-D3,26,55 revPBE,56 revPBE-
D3,26,56 vdW-DF,31 vdW-DF2,33 optB88-vdW,32 BEEF� vdW,34 and
rVV10.36 The structures are identical except the� nal BEEF� vdW
geometry that predicts a di� erent orientation of the BAS than the
others. The color code corresponds toFigure 1. Beige lines represent
periodic images of the unit cell repeated in each direction.
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stability of protonation sites in the decreasing order O1 (the
most stable)� O2 � O4 � O3 (the least stable). The
inclusion of dispersion interactions at both PBE-D and vdW-
DF levels changes relative stabilities compared to the PBE and
revPBE functionals within a margin of 2.5 kJ/mol and makes
the protonation on the O3 site favorable over the O4 site. In
agreement with RPA and MP2, dispersion-inclusive ap-
proaches predict the protonation in the O1 position as most
favorable, followed by O2, O3, and O4 positions, with a
maximum energy di� erence between the most and least stable
protonation sites of 12.1 kJ/mol (VdW-DF2,Table 1). The
exception is the BEEF� vdW functional, which predicts the O2
position to be the least stable (instead of the O4 position). The
relaxed BEEF� vdW geometry of O2 is qualitatively very
di� erent from the structures obtained from other functionals
(seeFigure 2), which is consistent with di� erences in relative
stabilities for these sites. The hybrid B3LYP-D3 functional
similarly disfavors the O2 protonation site but less than
BEEF� vdW and does not a� ect energetic ordering of the
protonation sites. We note that both MP2 and RPA predict
quantitatively the same results with a maximum di� erence in
relative stabilities of protonation sites below 1 kJ/mol. These
results imply that the e� ect of dispersion corrections on the
stability of the Brønsted acid proton is small, but we� nd
di� erences in the ordering of the protonation sites compared

to the previous work of Go�ltl et al. who examined energy
di� erences between protonation sites in a similar manner.42

Such di� erences could be caused by di� erences in local strain
at the di� erent O atoms, as indicated by the variance in Al�
O(H) bond distances and the ability of the zeolite framework
to accommodate the additional strain.

III.II. Structure of Water� Zeolite Complexes. After
water is adsorbed into the zeolite framework, it can be either
physisorbed in the zeolite pore, interact with a BAS, or bind to
an Al atom. First, we focus on physisorption. Here, the water
molecule can interact with the framework of the all-silica CHA
via dispersion interactions, which leads to a� at potential
energy surface with many degenerate con� gurations.Figure S1
in the SI shows that each functional predicts a di� erent
structure of the adsorbate. We furthermore focus on the
minimum Si� Ow distance to describe the position of water in
the zeolite pore, and all Si� Ow values are given inTable S9of
the SI. In purely siliceous SSZ-13, the water molecule is in the
middle of the cage with the smallest Si� Ow distances ranging
from 3.32 to 3.71 Å, depending on the functional used. The
exception is the structure optimized using the revPBE
functional, where we� nd a Si� Ow distance of 4.41 Å, which
indicates a weaker attraction of the water molecule to the
zeolite walls compared to the other functionals. The addition
of dispersion interactions at the -D level contracts the
minimum Si� Ow by up to 0.71 Å (revPBE-D3), with PBE-
D2 leading to the shortest Si� Ow distances (3.31 Å).

Next, we examine water adsorption on the BAS where a
strong bond is formed between the acid site and the water
oxygen atom (H···Ow) and the acidic proton remains attached
to the framework. Except for BEEF� vdW, the bond is always
shortest for the O3 protonation site, and the energy ordering
of the di� erent bond lengths depends on the choice of the
DFT method (Table 2). Comparing the optimized structures
reveals that most functionals lead to a similar structure of all
water� zeolite complexes and only the revPBE functional leads
to signi� cant di� erences for the O2 protonation site (Figure
3). The addition of dispersion schemes at PBE-D or vdW-DF
level does not lead to signi� cant changes in the structures
(Figure 3). We � nd that the choice of functional seems to
in� uence the BAS-proton water bond length more than the
addition of dispersion interactions. The PBE functional leads
to the shortest distances between water and the Brønsted acid
proton (H···Ow = 1.32� 1.46 Å), and the addition of -D
dispersion corrections induces a further contraction of the H···

Table 1. Relative Stabilities (in kJ/mol) for the Four
Di� erent Possible Protonation Sites (O1� O4) in Zeolite H-
SSZ-13 Computed Using Di� erent Functionals and
Methods (RPA and MP2)

O1 O2 O3 O4

PBE 0.0 2.9 10.1 9.0
revPBE 0.0 2.7 10.3 8.7
PBE-D2 0.0 2.9 7.6 10.4
PBE-D3 0.0 2.9 8.2 9.8
revPBE-D3 0.0 2.7 9.0 9.3
vdW-DF 0.0 4.0 9.1 11.2
vdW-DF2 0.0 4.9 9.6 12.1
optB88-vdW 0.0 3.5 8.1 11.0
BEEF� vdW 0.0 16.0 9.8 11.3
rVV10 0.0 3.5 8.8 10.8
B3LYP-D3 0.0 7.5 9.4 13.5
MP2 0.0 6.7 9.4 12.5
RPA 0.0 6.0 8.9 11.9

Table 2. Relaxed Geometries of Water Adsorbed on a BAS in Zeolite SSZ-13 for All Four Protonation Sites (O1� O4)a

O1 O2 O3 O4

H···Ow H� Of H···Ow H� Of H···Ow H� Of H···Ow H� Of

PBE 1.46 1.06 1.46 1.07 1.32 1.13 1.45 1.07
revPBE 1.51 1.04 1.50 1.05 1.45 1.07 1.51 1.05
PBE-D2 1.46 1.06 1.45 1.08 1.27 1.16 1.45 1.07
PBE-D3 1.47 1.05 1.46 1.07 1.29 1.15 1.46 1.07
revPBE-D3 1.51 1.04 1.55 1.04 1.45 1.07 1.53 1.05
vdW-DF 1.59 1.02 1.66 1.01 1.57 1.03 1.61 1.03
vdW-DF2 1.60 1.02 1.64 1.02 1.56 1.03 1.61 1.03
optB88-vdW 1.50 1.04 1.50 1.06 1.38 1.10 1.49 1.06
BEEF� vdW 1.54 1.02 1.62 1.02 1.55 1.03 1.67 1.01
rVV10 1.51 1.04 1.50 1.06 1.39 1.09 1.49 1.06

aTo characterize the geometries, two characteristic distances were used, namely, the H···Ow hydrogen bond length and the distance between the
BAS and the protonation site (H� Of). The distances are given in Å.
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Ow bond of up to 0.05 Å. Interestingly, the opposite e� ect,i.e.,
an elongation of the BAS-proton water bond, is observed when
applying -D dispersion corrections to the revPBE functional. A
similar picture is shown for distances between the water
molecule and Si atoms, where the shortest Si� Ow distances fall
within the range of 3.45� 3.76 Å and the addition of the vdW
correction does not induce a change greater than 0.07 Å
(Table S9).

In the next step, we investigate the direct adsorption of
water on the Al atom in theanti-position to the BAS (i.e., on
the LAS). Since direct interactions between water and the Al
atom can change the bond lengths between Al and the other
framework atoms,20,22 we describe the adsorption complex by
two bonds, namely, the Al� Ow and Al� Of(H) distances. The
adsorption complexes are shown inFigure 4, and the numerical
values are summarized inTable 3. We� nd that in most cases
water directly binds to the Al atom and the Al� Ow distance lies
between 2.05 and 2.28 Å.

Here, the Al� Of(H) bonds are also elongated by about
0.18� 0.28 Å. In most cases, the addition of dispersion
corrections at any level has only a negligible e� ect on the
structure of the adsorbed water molecule. However, for some
functionals and for the BAS (the proton) located in the O2 or
O4 position, Al� Ow distances are larger than 2.5 Å and the
Al� Of(H) distances are almost unchanged. This indicates that
water cannot form a chemical bond with the Al atom and is
only physisorbed. This is most pronounced for the revPBE and
BAS position O4, where we could not� nd a stable minimum
for water close to the Al atom (Figure 4). We have excluded
this geometry from further analysis. Furthermore, we� nd the

shortest Si� Ow distances in the range between 3.14 and 4.03 Å
(Table S8). The large variation is indicative of the signi� cant
di� erences in the bonding mechanism and with it of stable
adsorption geometries for this adsorption process.

Finally, we studied the simultaneous adsorption of two water
molecules to the BAS located in the O1 position, which lead to
two di� erent structures: (i) the formation of neutral complex
with a water dimer adsorbed on the BASviathe formation of a
hydrogen bond and (ii) the transfer of the acidic proton from
the zeolite to the water molecule and the formation of a H5O2

+

ion (seeFigure 5). Interestingly, at the PBE level (including
PBE-D2 and PBE-D3), only the H5O2

+ ion is stable, and we
could not identify a stable geometry for the neutral complex.
Stable geometries for both adsorption complexes were found
for all other functionals. Similar� ndings have been observed
by Vener et al., who only observed the formation of the neutral
complex using the BLYP functional but not using PBE.3 We
speculate that the reason why di� erent functionals show
di� erent structures for an adsorbed water dimer and in some
cases do not stabilize speci� c structures at all is due to
di� erences in how these methods describe the proton-
framework and proton-H bond. If the proton-framework
bond is predicted to be stronger, a neutral dimer will be
formed; if the proton water bond is stronger, a H2O5

+ ion will
be preferred. In both neutral and charged complexes, the
dimers are formed by forming a hydrogen bond between the
two water molecules. We describe these complexes using three
bond lengths (seeScheme S1in the Supporting Information),
namely, the distance between the framework oxygen atom and
the proton (H(BAS)� Of), the distance between the proton
and the nearest water oxygen atom (H(BAS)� Ow1), and the
distances between the H atom in water molecule 1 and the O

Figure 3.Visual representation of relaxed water� zeolite complexes
after water adsorption on the BAS in zeolite SSZ-13 for all four
protonation sites (O1� O4). All methods predict structurally similar
geometries except the revPBE functional for adsorption on the O2
site. The color code corresponds toFigure 1. Beige lines represent
periodic images of the unit cell repeated in each direction.

Figure 4.Visual representation of relaxed water� zeolite complexes
after the water adsorption on the LAS (the Al atom) in zeolite SSZ-13
for all four protonation sites (O1� O4). All methods predict
structurally similar geometries except the revPBE functional for
adsorption on the O4 site. The color code corresponds toFigure 1.
Beige lines represent periodic images of the unit cell repeated in each
direction.
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atom of water molecule 2 (H(Ow1)� Ow2). All distances are
reported inTable 4. We� nd that for the neutral complex, the
proton is always closer to the framework O atom than to the
water molecule, with the shortest H(BAS)� Of bond lengths
for BEEF� vdW, vdW-DF, and vdW-DF2 and the longest bond
lengths for optB88b-vdW and rVV10. Reverse trends are found
for H(BAS)� Ow1 bond lengths. For the H5O2

+ ion, the proton
is placed closer to the water molecule and the H(Ow1)� Ow2

distance is contracted. At the same time, transfer of the proton
to the water dimer leads to a contraction of the Al� Of(H)
bond from 1.85� 1.88 to 1.80� 1.81 Å.

Summarizing, we� nd that dispersion-free DFT approaches
(PBE and revPBE) predict di� erent relative stabilities of the

protonation sites in an empty zeolite SSZ-13 than dispersion-
corrected methods. All DFT methods predict a similar
structure and bond lengths of an empty zeolite, except
BEEF� vdW, which favors a di� erent orientation (and relative
stability) of the protonation site on the O2 position. Moreover,
we� nd that all DFT approaches predict quantitatively similar
structures if both the BAS and the LAS are well accessible and
a strong, either hydrogen (BAS) or donative covalent (LAS),
bond is formed between water and the zeolite structure. The
PBE functional predicts the shortest binding distances that are
una� ected by the addition of -D-type dispersion corrections.
The revPBE-based approaches predict the longest binding
distances indicating the weakest bonding. Additionally, the

Table 3. Relaxed Geometries of the Water Molecule Adsorbed on the LAS (the Al Atom) in Zeolite SSZ-13 for All Four
Protonation Sites (O1� O4)a

O1 O2 O3 O4

Al� Ow Al� Of(H) Al � Ow Al� Of(H) Al � Ow Al� Of(H) Al � Ow Al� Of(H)

PBE 2.05 2.16 2.22 2.05 2.12 2.12 2.26 1.91
revPBE 2.09 2.19 3.95 1.91 2.15 2.17 b 1.86
PBE-D2 2.06 2.15 2.21 2.05 2.11 2.11 2.28 1.91
PBE-D3 2.05 2.16 2.23 2.05 2.10 2.11 2.28 1.91
RevPBE-D3 2.09 2.19 3.54 1.91 2.14 2.15 4.01 1.89
VdW-DF 2.12 2.20 3.42 1.91 2.18 2.17 3.74 1.88
VdW-DF2 2.11 2.18 3.14 1.92 2.17 2.15 3.74 1.88
opt88B-vdW 2.06 2.15 2.27 2.03 2.10 2.11 2.97 1.88
BEEF� vdW 2.07 2.18 3.03 1.92 2.17 2.14 2.56 1.90
rVV10 2.06 2.16 2.28 2.03 2.10 2.12 2.31 1.90

aAl� Ow and Al� Of(H) distances were used to characterize the structure of water� LAS complexes. The distances are given in Å.bWe could not
� nd a stable adsorption geometry for this functional.

Figure 5.Visual representation of relaxed geometries of two water molecules adsorbed on the BAS bound to the O1 atom in zeolite SSZ-13. Two
stable geometries were identi� ed, namely, the formation of a neutral complex in which a water dimer is bound to the BASviahydrogen bond (left)
and the formation of a H5O2

+ ion (right). The neutral complex is not stable for PBE-based approaches,i.e., PBE, PBE-D2, and PBE-D3. Beige lines
represent periodic images of the unit cell repeated in each direction.

Table 4. Relaxed Geometries of Two Water Molecules Adsorbed on the BAS Located on the O1 Position in Zeolite SSZ-13a

neutral complex H5O2
+ ion

H(BAS)� Of H(BAS)� Ow1 H(Ow1)� Ow2 Al� Of(H) H(BAS)� Of H(BAS)� Ow1 H(Ow1)� Ow2 Al� Of(H)

PBE 1.44 1.07 1.48 1.80
revPBE 1.08 1.41 1.77 1.87 1.39 1.09 1.55 1.81
PBE-D2 1.48 1.06 1.46 1.80
PBE-D3 1.44 1.07 1.47 1.80
RevPBE-D3 1.09 1.40 1.75 1.87 1.41 1.08 1.53 1.81
VdW-DF 1.04 1.65 1.88 1.88 1.40 1.10 1.61 1.81
VdW-DF2 1.04 1.56 1.83 1.88 1.48 1.07 1.50 1.81
opt88B-vdW 1.11 1.36 1.69 1.85 1.45 1.07 1.50 1.80
BEEF� vdW 1.03 1.54 1.88 1.88 1.48 1.06 1.58 1.81
rVV10 1.11 1.36 1.69 1.86 1.48 1.06 1.50 1.80

aTwo stable structures were identi� ed: formation of neutral water dimer interacting with the BASviahydrogen bond and formation of a H5O2
+ ion.

Structures were characterized using distances, which are schematically visualized inScheme S1. The distances are given in Å.
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revPBE optimization leads to structures that can be very
di� erent from all other methods and strongly disfavors the
adsorption of water on the Al atom for certain locations of the
BAS proton (O2 and O4) that are not well accessible. The
addition of vdW dispersion corrections a� ects the geometry of
water� zeolite revPBE complexes and leads to qualitatively
di� erent structures from when they are omitted. The bond
length of relaxed structures predicted by BEEF� vdW, optB88-
vdW, and rVV10 functionals lies between these two extremes
but more closely resemble PBE-based structures. The
adsorption of two water molecules to the BAS leads to the
formation of either a neutral water dimer bondedvia a
hydrogen bond to the BAS or to the formation of a H5O2

+ ion,
in which a proton is transferred to the water molecule. For
most methods, both structures are a local minimum, but for
PBE-based approaches, only the H5O2

+ ion is stable.
III.III. Water Adsorption Energies from DFT.Together

with the geometrical data of the adsorption complexes, we
have analyzed binding strengths calculated using di� erent
functionals. The data are summarized inFigure 6andTable 5.

First, water adsorption in purely siliceous CHA was studied.
Depending on the chosen DFT approach, we� nd large

variations in binding energy. At the revPBE level, there is
almost no interaction between the zeolite and water (Eads =
� 2.84 kJ/mol) as indicated by the large value of the shortest
Si� Ow distance (Table S9). Moderate binding is predicted by
the PBE functional (Eads= � 11.04 kJ/mol). After the addition
of vdW corrections, the adsorption becomes more exothermic
with Eads between� 16.27 and� 35.66 kJ/mol, depending on
the method used. This is to be expected as water in the
siliceous form of SSZ-13 is located in the middle of the zeolite
cage with the nearest framework atoms at a distance of about
3.5 Å from the zeolite walls and GGA functionals do not take
attractive dispersion interactions into account. The optB88-
vdW functional predicts very strong adsorption with anEadsof
� 35.66 kJ/mol, while revPBE-D3 predicts the weakest binding
(Eads= � 16.27 kJ/mol). Interestingly, PBE-D2, PBE-D3, and
vdW-DF predict a similar adsorption with binding energies of
�� 30 kJ/mol.

The binding energy of water to the BAS varies between
� 49.15 and� 99.61 kJ/mol depending on both the
protonation site and the DFT method. All methods predict a
preferential adsorption of water to the BAS in the O1 position.
Water adsorption is the least favorable to the O2 site and is on
average about 20 kJ/mol weaker than to the O1 site. Trends
for water adsorbed to the BAS in the O3 and O4 position
follow water adsorption to the O1 position and, depending on
the used functional, either adsorption to the O3 BAS or the O4
BAS is slightly stronger. RevPBE leads to weakest adsorption
with Eads between� 49.15 and� 56.35 kJ/mol for all four
protonation sites.

The dispersion-corrected methods make the adsorption
always more exothermic with an average increment in the
adsorption energy of� 18.09 kJ/mol (revPBE-D3) up to
� 23.45 kJ/mol (vdW-DF). We note that the adsorption
energies of water on the O2 position using the revPBE
functional have been omitted from this analysis due to the
signi� cant structural di� erences between the geometries. The
average adsorption energies increase in the order: revPBE�
revPBE-D3� BEEF� vdW� PBE� vdW-DF� vdW-DF2
� optB88-vdW� rVV10� PBE-D3 and PBE-D2, with the
latest one being the most binding. The average adsorption
energies, as well as individual adsorption energies, are
summarized inTable 5.

Figure 6.Adsorption energies for one water molecule in zeolite SSZ-
13 calculated at di� erent levels of theory. Data are reported for water
adsorption to purely siliceous zeolite (green), water adsorption to a
BAS in the O1� O4 position (dark to light shades of blue), and water
adsorption to the LAS with the BAS in the O1� O4 position (dark red
to yellow). Horizontal bars correspond to RPA calculated energies.

Table 5. DFT Adsorption Energies (in kJ/mol) of One Water Molecule Adsorbed on the Siliceous Form of Zeolite SSZ-13 or
on the BAS (the Proton) and the LAS (the Al Atom) of the H-Form Computed for All Four Protonation Sites (O1� O4)

Si + H2O BAS + H2O LAS + H2O

O1 O2 O3 O4 aver. O1 O2 O3 O4 aver.

PBE � 11.04 � 78.62 � 56.21 � 76.19 � 74.15 � 71.29 � 44.53 � 19.79 � 35.52 � 15.88 � 28.93
revPBE � 2.84 � 56.35 � 55.06 � 49.15 � 53.74 � 53.85 � 21.24 � 7.92 � 17.29 a � 15.49
PBE-D2 � 29.27 � 99.61 � 81.23 � 99.35 � 94.10 � 93.57 � 64.83 � 45.54 � 53.34 � 35.40 � 49.78
PBE-D3 � 28.49 � 97.45 � 75.83 � 94.40 � 91.57 � 89.81 � 61.34 � 38.80 � 50.09 � 33.00 � 45.81
revPBE-D3 � 16.27 � 75.39 � 53.54 � 67.44 � 70.68 � 66.76 � 37.97 � 22.82 � 31.23 � 23.72 � 28.94
vdW-DF � 31.60 � 82.47 � 60.33 � 70.35 � 76.76 � 72.48 � 45.01 � 37.05 � 37.90 � 35.74 � 38.93
vdW-DF2 � 29.57 � 85.81 � 59.99 � 75.20 � 79.10 � 75.02 � 46.55 � 34.85 � 37.67 � 34.11 � 38.30
optB88-vdW � 35.66 � 97.63 � 75.30 � 92.41 � 91.14 � 89.12 � 63.72 � 43.61 � 53.34 � 39.67 � 50.08
BEEF� vdW � 20.87 � 75.98 � 61.42 � 66.20 � 72.13 � 68.94 � 40.23 � 37.39 � 34.47 � 17.70 � 32.45
rVV10 � 33.24 � 98.15 � 76.90 � 95.17 � 91.87 � 90.52 � 64.77 � 43.88 � 53.48 � 37.79 � 49.98
B3LYP-D3 � 29.40 � 91.76 � 69.22 � 84.90 � 85.80 � 82.92 � 53.62 � 33.61 � 44.71 � 28.34 � 40.07
MP2 � 22.26 � 79.11 � 57.80 � 76.89 � 74.69 � 72.13 � 53.27 � 29.93 � 42.53 � 27.60 � 38.33
RPA � 15.67 � 72.10 � 50.39 � 66.88 � 67.62 � 64.25 � 48.72 � 25.56 � 39.09 � 23.87 � 34.31

aWe could not� nd a stable adsorption geometry for this functional.
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The adsorption of water on the LAS is always less
exothermic than adsorption on the BAS. All methods predict
a similar trend,i.e., that the adsorption is strongest to the LAS
with the BAS in the O1 position, followed by the O3, O2, and
O4 positions. The two functionals that do not follow this trend
are BEEF� vdW, where relative stabilities for the BAS in the
O2 and O3 positions are switched, and revPBE-D3, where
relative stabilities for the BAS in the O2 and O4 positions are
switched. We� nd the weakest adsorption for the revPBE
functional withE�ads = � 15.49 kJ/mol, followed by PBE�
revPBE-D3� BEEF� vdW� vdW-DF� vdW-DF2� PBE-
D3 � PBE-D2� rVV10 and the optB88-vdW functional.
Comparing adsorption to the LAS and the BAS reveals that the
trends for changes in the adsorption strength between di� erent
functionals are similar and also the variation in adsorption
strengths between the di� erent adsorption sites.

Two distinct stable adsorption complexes can be formed
upon coordination of two water molecules to the BAS: either a
neutral water dimer or a H5O2

+ ion. The adsorption energies
are tabulated inTable 6. The corresponding adsorption

energies vary between� 85.75 kJ/mol (revPBE) and� 167.69
kJ/mol (PBE-D2) depending on the functional used. Despite
the large energy span, the adsorption for two molecules is
always weaker than two times the adsorption of one water
molecule to the BAS but stronger than the adsorption of two
water molecules to the LAS. Only the nonlocal vdW-DF, vdW-
DF2, and BEEF� vdW favor the formation of a neutral water
dimer by up to 10 kJ/mol, while all other methods predict the
H5O2

+ ion as a more stable complex. According to PBE-based
methods, the neutral complex is never stable.

III.IV. Water Adsorption Energies from Hartree� Fock-
Inclusive Methods.Althoughpost-HF methods, such as RPA
or MP2, and hybrid functionals, such as B3LYP-D3, provide
more accurate data, for periodic systems, they are typically
applied on top of the geometries optimized at the DFT level
due to their high computational cost.42,68 We explored the
impact of input structures for RPA by comparing adsorption
strengths of one water molecule to the BAS or the LAS. Here,
we focused on the proton located in the O1 position and
compared adsorption strengths for structures optimized using

selected DFT methods. Results are summarized inTable S7.
Using RPA, we� nd average adsorption energies for water
adsorption to the BAS of� 72.81 kJ/mol and the choice of
input structure only has a marginal e� ect on the observed
values (±0.84 kJ/mol). We� nd a similar behavior for water
adsorption on the LAS with a computed adsorption energy of
� 48.44± 0.91 kJ/mol. These results indicate that the obtained
results are rather independent of the functional choice for
structure optimization, and we have further limited the
computation of the adsorption energies to PBE-D3 structures
only.

The adsorption energies of one water molecule from RPA
and MP2 calculations for both the siliceous CHA and H-form
of zeolite SSZ-13 are shown inFigure 6, and numerical values
are summarized inTable 5. We� nd that on average MP2 binds
water about 6.02 kJ/mol stronger than RPA. The e� ect is more
pronounced for water binding to the BAS, for which MP2
predicts about 7.88 kJ/mol stronger adsorption, while for water
binding to the LAS, the di� erence is only about 4.02 kJ/mol.
Average RPA adsorption energies are� 15.67,� 64.25, and
� 34.31 kJ/mol for the adsorption in the siliceous CHA and on
the BAS and the LAS in H-SSZ-13, respectively. The average
MP2 adsorption energies are� 22.26 kJ/mol (siliceous CHA),
� 72.13 kJ/mol (BAS), and� 38.33 kJ/mol (LAS). Both RPA
and MP2 predict a favorable water adsorption in siliceous
CHA, with RPA being less hydrophilic. RPA adsorption of
water on the BAS is about 29.94 kJ/mol more exothermic than
on the LAS, which is the lowest energy di� erence out of all
methods. The MP2 energy di� erence is 33.79 kJ/mol, which is
similar to the smallest energy di� erence obtained from DFT-
based methods (vdW-DF). Adsorption energies obtained using
the hybrid functional B3LYP-D3 are qualitatively di� erent.
Average B3LYP-D3 adsorption energies are signi� cantly more
exothermic with� 32.41,� 82.92, and� 40.07 kJ/mol for the
adsorption in the siliceous CHA and on the BAS and the LAS
in H-SSZ-13, respectively. Additionally, B3LYP-D3 strongly
favors water coordination to the BAS, and water adsorption to
the LAS is only about 8 kJ/mol more exothermic than water
adsorption in hydrophobic siliceous CHA. The results are
summarized inTables 5and S6 of the SI where also the
original (non-CBS adsorption) energies are tabulated.

All three methods indicate the strongest water adsorption in
a zeolite with a proton binding to the O1 position, irrespective
of the studied binding site. According to RPA and B3LYP-D3,
the adsorption energy of water on the BAS decreases in the
order O1� O4 � O3 � O2, while MP2 favors the water
adsorption on the BAS on the O3 site over the O4 site. All
three methods predict an identical order of adsorption
strengths on the LAS with respect to the BAS, namely, O1
� O3 � O2 and O4, with the latter one being the least
exothermic.

RPA and MP2, as well as B3LYP-D3, favor the formation of
a H5O2

+ ion over the formation of a neutral water dimer. The
adsorption is most exothermic for B3LYP-D3, followed by
MP2 and then RPA.

IV. DISCUSSION
It is encouraging to see that all methods agree that water
adsorption in purely siliceous zeolite CHA is weakest and
water adsorption to the BAS is strongest. At the same time, the
relative stability of water upon the adsorption on the BAS or
the LAS shows a signi� cant variation between the di� erent
functionals. In particular, revPBE predicts very di� erent trends

Table 6. Tabulated Adsorption Energies for the Adsorption
of Two Water Molecules on the BAS Bound to the O1 Atom
in Zeolite SSZ-13

neutral complex H5O2
+ ion

PBE a � 131.19
revPBE � 85.75 � 87.21
PBE-D2 a � 167.69
PBE-D3 a � 164.27
revPBE-D3 � 118.31 � 119.68
vdW-DF � 132.03 � 124.59
vdW-DF2 � 133.35 � 128.81
optB88-vdW � 156.56 � 161.83
BEEF� vdW � 119.30 � 109.92
rVV10 � 157.23 � 165.03
B3LYP-D3 � 135.35 � 144.08
MP2 � 111.25b � 128.08
RPA � 106.79b � 112.61

aWe could not� nd a stable adsorption geometry for this functional.
bThe adsorption energies were computed using revPBE-D3
structures.
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compared to the other functionals, which indicates that this
functional, which always shows the weakest adsorption
strengths, describes the adsorption processes qualitatively
di� erent. Interestingly, the increase in adsorption strength
after the addition of dispersion corrections is of a similar order
of magnitude for the adsorption of water in all three possible
situations,i.e., on the siliceous form of CHA, on the BAS (the
proton), or the LAS (the Al atom) of its H-form of zeolite
SSZ-13 for each functional, as well as for both -D type of
approaches and nonlocal vdW schemes. This agrees with the
hypothesis that the potential energy surface resulting from
dispersion interactions between water and the zeolite frame-
work is� at and does not depend on the exact con� guration of
the molecule. When studying the adsorption of two water
molecules, we� nd that most methods agree that the donation
of the proton from the framework to the water dimer is
favored, and only vdW-DF, vdW-DF2, and BEEF� vdW do not
follow this trend.

Beyond a qualitative assessment of the performance of the
di� erent methods, another important aspect is to understand

how well di� erent functionals can reproduce experimental
observations. It is well known that purely siliceous zeolites are
hydrophobic at room temperature and do not adsorb water
molecules under ambient conditions. To probe which of the
methods correctly reproduces this behavior, we calculated the
Helmholtz free energies of adsorption of water (Aads(T)) in all-
silica CHA usingab initiomolecular dynamics simulations at
the revPBE-D3 level and use the results to extrapolate the
Aads(T) values for the other functionals. AllAads(T) values are
summarized inFigure S2 and Table S10in the SI. Indeed,
Aads(T) values are weakened by about 64 kJ/mol compared to
Eads, and all Helmholtz free energies of adsorption are positive
(seeFigure S2in the SI). PositiveAads(T) values correspond to
hydrophobicity, which agrees well with experimental observa-
tions.

While this qualitative agreement with experimental measure-
ments for purely siliceous zeolite SSZ-13 is encouraging, we
furthermore want to understand how well the di� erent
methods can quantitatively describe water adsorption in zeolite
SSZ-13 with a� nite Si/Al ratio. However, to the best of our

Figure 7.Comparison of DFT-computed adsorption energies of one water molecule in siliceous CHA and in the zeolite H-SSZ-13 with RPA
results. (A) Mean errors (MEs) of water adsorption in siliceous CHA (green bars) to the BAS (the proton, violet bars) and the LAS (the Al atom,
beige bars) in H-SSZ-13 computed at di� erent levels of theory with respect to RPA calculations. Negative values mean that the method is
overbinding compared to RPA, while positive values indicate that the functional is underbinding compared to the reference. Panels (B) and (C)
compare individual values for a water molecule adsorbed either on the BAS (the proton, B) or on the LAS (the Al atom, C). Four di� erent
protonation sites are possible, creating a set of four di� erent structures for each adsorption type (seeSection II.I).
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knowledge, no experimental data for the adsorption of one
water molecule per Al atom for zeolite SSZ-13 with� nite Si/Al
ratio are available.

A very common strategy to assess the performance of
di� erent DFT methods, when the experimental data are not
available, is to compare them to higher-level methods, such as
MP2 or RPA calculations, or eventually hybrid functionals such
as B3LYP-D3. Previous results for the adsorption of alkanes in
zeolites indicate that, in particular, RPA seems to show good
agreement with experimental measurements.42,50 At the same
time, it cannot be excluded that MP2 describes the adsorption
of water molecules in the protonated form of zeolites better.20

For the remainder of the discussion, we will therefore compare
all DFT results to RPA values as shown inFigures 7and8 and
give a comparison of DFT results with MP2 inFigures S3 and
S4of the SI.

Using this strategy, we� nd that multiple methods (PBE,
revPBE-D3, BEEF� vdW, MP2) exist, which describe all
adsorption processes with an error of less than 10 kJ/mol
with respect to the RPA adsorption energies. The revPBE
functional, on the other hand, is a method that signi� cantly
underbinds water for all three adsorption processes, while the
remaining methods (PBE-D2, PBE-D3, vdW-DF, vdW-DF2,
optB88-vdW, rVV10) overestimate the adsorption strength.
While PBE-D2, PBE-D3,optB88-vdW, and rVV10 overestimate
the adsorption strength for all adsorption processes, vdW-DF
and vdW-DF2 show good agreement with RPA adsorption
energies for the LAS site. B3LYP-D3 does not provide
qualitatively better results than computationally cheaper
GGA methods and is strongly overbinding for water
adsorption on the BAS and in siliceous CHA. Using the
B3LYP functional without any dispersion corrections might
provide better results.

The situation is very di� erent for the adsorption of two
water molecules on the BAS. PBE-based methods always favor
the formation of a H5O2

+ ion, and thus comparison with RPA
data for the neutral complex is not possible. The binding
energies of both complexes are predicted with the smallest
error for revPBE-D3 followed by BEEF� vdW with an error of
smaller than 13 kJ/mol. The most overbinding methods are
PBE-D2, PBE-D3, optB88-vdW, and rVV10 with an error of�
50 kJ/mol.

For the adsorption of one water molecule, the best
agreement with RPA data on average is obtained using PBE

with an average error of� 0.2 kJ/mol. However, PBE
overestimates the bond strength of water to the Brønsted
proton, while it underestimates the bonding to the zeolite
framework and the LAS. This indicates that PBE overestimates
the H� Ow bond, while, by construction, it cannot capture
dispersion interactions dominating the other adsorption
processes accurately. However, the addition of the -D
dispersion force� eld leads to a signi� cant overestimation of
the adsorption processes. The combination of the weakly
binding revPBE functional with the -D3 force� eld seems to
lead to a favorable description of adsorption with an average
deviation of 1.2 kJ/mol from RPA (single water molecule)
results. At the same time, BEEF� vdW leads to best agreement
with MP2 (seeSection S5of the SI) but deviates from all other
models when predicting relative stabilities of the four
protonation sites (Table 1). We observe energetic di� erences
of at least 10 kJ/mol for the adsorption of two water molecules,
and again revPBE-D3 and BEEF� vdW show best agreement
with RPA and MP2 results. Based on this analysis, we
recommend using the revPBE-D3 functional to model the
adsorption of H2O in zeolite SSZ-13 since (i) it can
qualitatively correctly capture the di� erent contributions to
the water adsorption, namely, covalent interactions with the
adsorption site and dispersion interactions with the zeolite; (ii)
is computationally e� cient; (iii) reproduces the adsorption
energies of water calculated at RPA and MP2 levels of theory
most closely; and (iv) correctly predicts the preference of a
H5O2

+ ion for the adsorption of two water molecules.

V. CONCLUSIONS

We have investigated the adsorption of water in zeolite SSZ-13
using 10 DFT functionals, 1 hybrid functional, and 2 post
Hartree� Fock (HF) methods. We studied four di� erent
adsorption processes, namely, adsorption of water in purely
siliceous CHA, adsorption of water to a Brønsted acid site
(BAS), water adsorption to a Lewis acid site (LAS), and the
adsorption of two water molecules. We found that all methods
predict structurally similar results if the water is strongly bound
to a well-accessible BAS or LAS. However, their performance
diverges for weak adsorption in siliceous zeolite or on a
sterically hindered active site. Adsorption energies show a
signi� cant variation of about 50 kJ/mol between the di� erent
functionals, but the explicit calculation of Helmholtz free
energies of adsorption using AIMD calculations shows that all
methods qualitatively predict the experimentally observed
hydrophobicity of purely siliceous zeolite SSZ-13. When
comparing results from DFT calculations with the more
accurate, post-HF methods RPA and MP2, we� nd that best
agreement is found between PBE, revPBE-D3 and RPA, and
BEEF� vdW and MP2. It is encouraging to see that the
computationally very e� cient revPBE-D3 functional can
reproduce RPA or MP2 results within 5 kJ/mol, irrespective
of the adsorption site. The PBE functional without any
dispersion correction predicts similar adsorption energies, but,
compared to the revPBE-D3 and the BEEF� vdW approaches,
its performance is less consistent with respect to di� erent
adsorption sites (BAS, LAS, or a zeolite wall of siliceous SSZ-
13). The BEEF� vdW functional reproduces the adsorption
energies well but fails to reproduce relative stabilities of the
protonation sites and it fails to correctly predict the formation
of a H5O2

+ ion for the adsorption of two water molecules.
Based on these considerations, we recommend using the

Figure 8.Energy di� erence for all methods with respect to RPA for
the adsorption of two water molecules in H-SSZ-13 with the acidic
proton in the O1 position with RPA results. For PBE, PBE-D2, and
PBE-D3, no stable structure for the neutral water dimer has been
found, and thus for these functionals, the comparison with RPA is
made for the H5O2

+ ion only.
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revPBE-D3 functional to model the adsorption of water
molecules in purely siliceous or protonated zeolite SSZ-13.
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