Zweitveroffentlichung/
Secondary Publication

Staats- und
Universitatsbibliothek
Bremen

https://media.suub.uni-bremen.de

Fischer, Michael

Structure and bonding of water molecules in zeolite hosts: Benchmarking plane-wave DFT
against crystal structure data

Journal Article as: published version (Version of Record)

DOI of this document*(secondary publication): https://doi.org/10.26092/¢elib/2846
Publication date of this document: 06/03/2024

* for better findability or for reliable citation

Recommended Citation (primary publication/Version of Record) incl. DOI:

Fischer, Michael. "Structure and bonding of water molecules in zeolite hosts: Benchmarking plane-wave DFT
against crystal structure data" Zeitschrift fir Kristallographie - Crystalline Materials, vol. 230, no. 5, 2015, pp.
325-336. https://doi.org/10.1515/zkri-2014-1809

Please note that the version of this document may differ from the final published version (Version of Record/primary
publication) in terms of copy-editing, pagination, publication date and DOI. Please cite the version that you actually used.
Before citing, you are also advised to check the publisher's website for any subsequent corrections or retractions

(see also https://retractionwatch.com/).

This document is made available with all rights reserved.

Take down policy
If you believe that this document or any material on this site infringes copyright, please contact
publizieren@suub.uni-bremen.de with full details and we will remove access to the material.



DE GRUYTER

Z. Kristallogr. 2015; 230(5): 325-336

Michael Fischer*

Structure and bonding of water molecules
in zeolite hosts: Benchmarking plane-wave
DFT against crystal structure data

Abstract: Density-functional theory (DFT) calculations
are widely employed to study the interaction of water
molecules with zeolite frameworks. However, there have
been only few attempts to assess whether these computa-
tions reproduce experimental structure data sufficiently
well, especially with regard to the hydrogen positions of
the water molecules. In this work, a detailed compari-
son between experimental crystal structures and DFT-
optimised structures is made for six water-loaded natural
zeolites. For each system, high-quality structure determi-
nations from neutron diffraction data have been reported
(bikitaite/Li-BIK, edingtonite/Ba—EDI, gismondine/Ca-
GIS, scolecite/Ca—NAT, natrolite/Na—-NAT, yugawaralite/
Ca-YUG). Using a plane-wave DFT approach, the per-
formance of six pure and three dispersion-corrected
exchange-correlation functionals is compared, focusing
on an optimisation of the atomic coordinates in a fixed
unit cell (with cell parameters taken from experiment). It
is found that the PBE and the PW91 functional give the
smallest overall deviation between experiment and com-
putation. Of the dispersion-corrected approaches, the
PBE-TS functional exhibits the best performance. For
the PBE and PBE-TS functionals, the agreement between
experiment and DFT is analysed in more detail for differ-
ent groups of interatomic distances. Regarding the OW-H
distances in the water molecules, the DFT optimisations
lead to physically realistic bond lengths. On the other
hand, DFT has a systematic tendency to underestimate
the length of hydrogen bonds. The cation-oxygen dis-
tances are mostly in very good agreement with experi-
ment, although some exceptions indicate the necessity of
further studies.
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Introduction

The structure, bonding, and dynamics of water molecules
located in zeolite pores have received continued scientific
interest. On the one hand, water-loaded zeolites are well-
suited model systems to investigate the behaviour of water
under confinement from a fundamental point of view
([1-3] and references therein). On the other hand, the pres-
ence of water in zeolite pores also plays an important role
in various applications, e.g., in the field of thermal energy
storage, where water adsorption/desorption cycles can be
used to store and release heat [4-6].

While all-silica zeolites exhibit hydrophobic behav-
iour [7], zeolites with a charged framework and charge-
balancing cations are hydrophilic due to the attractive
electrostatic interaction of the cations with the dipolar
water molecules. In addition to these ionic bonds, hydro-
gen bonds to framework oxygens or between neighbour-
ing water molecules determine the equilibrium position
of the water molecules. Naturally, these bonds also influ-
ence their dynamics. In zeolites with small pores, all
water molecules are coordinated to cations, making
them relatively immobile. Another type of “free” water
has been observed in zeolites with larger pores, such
as zeolites A and Y. Simulations have shown that these
water molecules possess a significantly higher mobility
than the strongly coordinated water molecules [2]. In a
recent experimental study of zeolite A, an unexpected
type of water clustering in the cages of this structure was
observed, highlighting that the application of state-of-
the-art techniques can still lead to novel insights, despite
decades of previous work [8].

Experimentally, the position and orientation of
water molecules in zeolite pores can be determined
using neutron diffraction experiments with single crystal
samples, preferentially at low temperatures (to reduce
dynamic disorder). The ZeoBase database of zeolite-type
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crystal structures includes approximately 30 entries of
water-loaded zeolites that were determined with this
method [9]. However, the actual number of distinct struc-
tures is lower, because some systems have more than one
entry, e.g., in cases where measurements at different tem-
peratures were carried out.

Electronic structure calculations, e.g., within the
framework of density-functional theory (DFT), can
provide valuable insights into the properties of water
adsorbed in zeolite pores [2, 3, 10, 11]. The range of
application of these calculations extends from the pre-
diction of equilibrium geometries to ab-initio molecular
dynamics (MD) calculations. Ab-initio MD calculations
have been used to study the behaviour of water under
confinement, e.g., in small-pore zeolites where the H,0
molecules form one-dimensional chains [12-14] and
in different models of zeolite A with hydrophobic and
hydrophilic character [3]. Other investigations using this
method have addressed the protonation of water in pro-
ton-exchanged zeolites [10].

In order to judge the performance of different
exchange-correlation functionals, DFT calculations have
been benchmarked against high-level wave-function-
based calculations for clusters representing key features
of the zeolite structure [11]. A similar approach has been
employed recently for water interacting with metal-
organic frameworks [15, 16]. However, despite the avail-
ability of experimental crystal structure data for several
water-loaded zeolites, only few computational investiga-
tions have assessed the agreement between structures
obtained from electronic structure calculations and exper-
imental crystal structures. In particular, Larin and co-
workers used periodic Hartree—Fock calculations to study
the hydrogen bonding in zeolites containing adsorbed
water molecules, and compared some of the resulting
bond lengths and angles to available experimental data
[17]. Subsequently, the same group of authors proposed a
multi-step computational approach to improve the geom-
etries of the adsorbed water molecules [18]: After an initial
geometry optimisation using Hartree-Fock or DFT calcula-
tions with a minimal basis set, a scaling procedure was
used to adjust the bond lengths and angles of the water
molecules in order to match results obtained with larger
basis sets. Due to the limited availability of exchange-cor-
relation functionals, let alone dispersion-corrected DFT,
at the time of that study, it was not assessed to what extent
the choice of functional (and possible inclusion of disper-
sion corrections) affects the resulting geometry.

In this work, DFT geometry optimisations using nine
different exchange-correlation functionals (three of them
including a dispersion correction term) are performed for
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a total of six water-loaded zeolites for which a structure
determination from neutron diffraction data has been
reported in the literature. Because many application-
related studies focus on the relaxation of atomic coordi-
nates within a fixed cell, experimental lattice parameters
are used in the calculations. In order to assess the perfor-
mance of the different functionals, the overall deviation
between the DFT-optimised structure and the experimen-
tal reference structure is calculated from the atomic coor-
dinates for each case. The resulting structures are then
discussed in more detail for two of the best-performing
functionals, with a focus on (a) intermolecular bonds in
the water molecules, (b) hydrogen bonds, and (c) cation-
oxygen distances.

Models and methods
Experimental zeolite structures

Experimentally determined zeolite structures with water molecules
in the pores were taken from the ZeoBase database [9]. Only struc-
tures fulfilling the following criteria were included in the set of refer-
ence structures:

—  The structure has been determined from single-crystal neutron
diffraction data, as this is the most accurate method to deter-
mine the positions of hydrogen (or deuterium) atoms of the
water molecules.

—  The structure does not contain structural disorder or mixed
occupancies in the framework and cation sites. In cases where
the water molecules are disordered, atoms with low occupan-
cies were removed prior to the DFT calculations.

—  The unit cell does not exceed a certain size (all lattice dimen-
sions < 20 A) in order to render the computations feasible on
standard clusters (typical calculations used 16 CPUs and took
several hours to a few days to complete).

Based on these criteria, six experimental datasets were identified, for
which the framework type as well as the temperature of the measure-
ment (T__ ) are listed below:

meas

- Li-Bikitaite (Li-BIK): Natural bikitaite, T

meas

- Ba-Edingtonite (Ba—EDI): Natural edingtonite, T

meas

=13K[19].

=100K [20].
- Ca-Gismondine (Ca-GIS): Natural gismondine, T, = 15K|[21].
- Ca-Scolecite (Ca-NAT): Natural scolecite, T =20 K[22].
- Na-Natrolite (Na-NAT): Natural natrolite, T, =20 K[23].
- Ca-Yugawaralite (Ca-YUG): Natural yugawaralite, T, =13K[24].
Relevant crystallographic information (cell parameters, space group,
sum formula) for the six systems are summarised in Table 1. With the
exception of Ca—NAT, the standardised cell as given by ZeoBase was
used (the standardised cell differs from the cell setting used in the
publication for the case of Ca—GIS, but is identical in the remaining
four cases).
In some instances, the structures of the zeolites had to be modi-
fied prior to the calculations, since the DFT calculations cannot deal
with some phenomena that are frequently observed experimentally,
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Tab.1: Space group, sum formula, and lattice parameters of the six
zeolites considered in this work. The k-mesh used in the calculations

is also given.

Li-BIK
SG: P1 Li,ALSi,0,, - 2H,0 2 X 3 x 2 k-mesh
a=8.5971A b=14.9395A c=7.6121A
a =89.85° p=114.52° y =90.004°
Ba-EDI
SG: P2,2,2 BaAl,Si,0, - 4H,0 2 X 2 x 3 k-mesh
a=9.536A b=9.649 A c=6.496 A
Ca-GIS
SG: P2 /a CaALSi,0, - 4H,0 2 x 2 x 2 k-mesh
a=9.853A b=10.011A c=10.614A
c-unique y = 86.89°
Ca-NAT
SG: Cc CaAlSi 0, - 3H,0 2 x 1 x 2 k-mesh
a=6.516 A b=18.948 A c=9.761A
b-unique B =108.98°
Na—-NAT
SG: Fdd2 NaZAIZSiBO10 -2H,0 2 x 2 X 2 k-mesh
a=18.272A b=18.613A c=6.593A
Ca-YUG
SG: Pc CaALSi 0, - 4H,0 3 x 2 x 2 k-mesh
a=6.700A b=13.972A c=10.039A
b-unique p=111.07°

such as fractional occupancies and disorder. These modifications are

summarised in the following:

— In Li-BIK, the occupancies of the T atoms and the Li atoms,
which range between 92% and 105% in the experimental struc-
ture, were set to 100%.

— In Ba-EDI, the occupancies of the water molecules and the Ba
cation, which range between 82% and 96% in the experimental
structure, were set to 100%.

- In Ca-GIS, atoms with occupancies < 50% were removed (oxy-
gen atoms OW5 and OW6 and disordered hydrogen atoms with
low occupancies), the occupancies of all other atoms were set
to 100%.

— In Ca-YUG, atoms with occupancies < 50% were removed
(oxygen atoms OW1A, OW4A, and OW5 and disordered hydro-
gen atoms with low occupancies), the occupancies of all other
atoms were set to 100%.

When applying the modifications described above, it was ensured
that the resulting structures are electroneutral. The structures of the
zeolites are visualised in the Supporting Information.

Details of DFT calculations

The DFT calculations reported in this work were performed using
CASTEP, a code which uses a combination of plane waves and pseu-
dopotentials [25]. Ultrasoft pseudopotentials generated on the fly
were employed [26]. In all calculations, the atomic coordinates of all
atoms were optimised, whereas the lattice parameters were fixed to
the experimental values reported in Table 1. Since it has been well
established that some exchange-correlation functionals tend to
over- or underestimate the lattice parameters considerably in many
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instances (see e.g., [27] and references therein), it is often preferred
to fix the lattice dimensions to accurate experimental values where
these are available. This approach has been followed, for example,
in various MD studies of the dynamics of water molecules adsorbed
in zeolites [10, 12-14]. Thus, there is considerable scope for assessing
the performance of different functionals in the prediction of atomic
positions without simultaneous optimisation of the lattice param-
eters. The benchmarking reported here will concentrate on the opti-
misation of atomic coordinates in a fixed cell.

Initial tests for Li-BIK were performed in order to assess the
dependence of the results on the energy cutoff and the size of the
k-mesh. A cutoff of 800 eV was found to be sufficient (the geometry
did not change significantly when increasing the cutoff from 700
eV). However, a dependence of the final structure on the size of the
k-mesh was observed. Tests with three different k-meshes were per-
formed for all zeolites. In many instances, the optimisation using
only the gamma-point delivered geometries that deviated from those
obtained with larger k-meshes, with deviations in some atomic posi-
tions of up to 0.1 A. However, when increasing the k-mesh beyond the
gamma-point, the geometries usually converged very quickly. The
k-meshes given in Table 1, which were used in all following calcula-
tions, were found to deliver converged geometries.

In order to test the dependence of the resulting geometry on the
exchange-correlation functional, six functionals without dispersion
correction were included:

- LDA: The local density approximation, which uses only local
information on the electron density, corresponds to the simplest

functional considered [28].

LDA is known to have a tendency towards “overbinding”, which

manifests itself by an underestimation of equilibrium bond lengths

and lattice parameters. Incorporation of information on the electron

density gradient (GGA = generalised gradient approximation) can

improve upon this behaviour. The following two functionals are “tra-

ditional” GGA-type functionals:

- PWO91: GGA parameterisation by Perdew and Wang ([29] and
references therein];

- PBE: Re-derivation of GGA by Perdew, Burke, and Ernzerhof
[30], simplified with respect to PW91, a very popular functional,
especially for solids.

It has been found that these GGA functionals cure some of the men-
tioned shortcomings of LDA, however, they tend to overestimate
equilibrium lattice parameters and related properties, and underes-
timate surface energies [31]. A number of more recent GGA param-
eterisations have attempted to overcome these shortcomings. Three
of these functionals are considered in this work:

—  PBEsol: GGA-type functional based on PBE that is specifically
designed for solids [31], gives better lattice parameters, but less
accurate atomisation energies than PBE;

- WC: Similar parameterisation as PBEsol [32], delivers improved
prediction of lattice parameters in comparison to PBE;

—  RPBE: Revised version of PBE that is designed to deliver more
accurate atomisation energies and chemisorption energies than
PBE [33].

Additionally, three different dispersion correction schemes were

evaluated:

-  PW91-0BS: Combination of the PW91 functional with the dis-
persion correction scheme proposed by Ortmann, Bechstedt,
and Schmidt [34]; the dispersion coefficients are based on the
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London formula, using experimental polarisabilities and ioni-
sation potentials;

- PBE-D: Combination of the PBE functional with the dispersion
correction suggested by Grimme [35]; the dispersion coefficients
are also calculated using the London formula, but from DFT-
calculated polarisabilities and ionisation potentials;

- PBE-TS: Combination of the PBE functional with the dispersion
correction developed by Tkatchenko and Scheffler [36]; in this
method, the dispersion coefficients for each atom are weighted
according to the effective volume of the atom in a molecule or
solid as calculated from the DFT electron density, using the free
atom as the reference state.

As a final remark to this section, we acknowledge that only a lim-
ited choice of functionals is included in this study, primarily due to
technical limitations. For example, hybrid functionals, which have
become popular even for calculations for periodic structures [37], are
missing. However, for the foreseeable future, GGA-type functionals
will continue to play a very important role, especially for systems
with large unit cells, for surfaces, and for ab-initio MD calculations.
In many instances, the computationally inexpensive GGA-type func-
tionals might constitute the only possible choice for such investiga-
tions. Therefore, a careful benchmarking of the performance of these
functionals against experimental data is very important.

Results and discussion

Analysis of deviations in the atomic
coordinates

Initially, we assess the agreement between the DFT-opti-
mised structures and experimental data by comparing the
atomic coordinates. To do so, we first define a difference
vector, which corresponds to the “displacement” of the
i-th atom in the DFT-optimised structure with respect to
the reference position in the experimental structure. This
displacement can be expressed as a coordinate triplet
(Ax, Ay, Az). For the case of an orthorhombic structure,
the length (modulus) of the difference vector is defined as
follows:

Vil =\[(Ax-@)"+( Ay, b)* +( Az,c)’

In order to express the deviations for all N non-
equivalent atoms (or a subset of atoms, e.g., all hydrogen
atoms) as a single value, we then take the arithmetic mean
of the moduli of the individual difference vectors to get the
average positional deviation dev (in Angstrom):

1 N
dev=—> |vi
N Ei,l |

In four of the structures, all atoms are located on
general positions. In the remaining two systems, Ba-EDI

DE GRUYTER

and Na-NAT, two/one atom/s are located on special
positions, while all others occupy general positions. For
these two cases, the contributions from the individual
atoms were weighted according to their site multiplicity in
the calculation of the average positional deviation.

Table 2 reports the values of dev for the six zeolites
and nine functionals considered. The deviations range
from 0.022 A to 0.230 A, spanning almost exactly one
order of magnitude. While an average agreement of DFT-
predicted and experimental positions within ~0.02 A can
be considered as very good, a deviation of more than 0.1 A
is clearly unacceptable. When looking at the individual
systems, rather small deviations (mostly below 0.05 A)
are found for Li—BIK, Ba.EDI, Ca—NAT, and Na—NAT, those
systems for which the experimental structures were used
as input for the calculations without major modifications
(apart from an adjustment of some occupancy factors).
It is not surprising that the deviations are larger for the
remaining two systems, where some disordered atoms
had to be removed.

In order to analyse the performance of the different
functionals, we use two different approaches: Firstly, we
normalise the average positional deviations. For each

Tab. 2: Average positional deviations of DFT-optimised structures
with respect to experimental data. All values are given in A. Devia-
tions above 0.05 A are highlighted in italics. The value for Ba—EDI
and the PBE-D functional is missing because no parameters for
barium are available for this dispersion correction scheme [35].

LDA PW91 PBE

Li-BIK 0.039 0.026 0.027
Ba-EDI 0.061 0.025 0.035
Ca-GIS 0.098 0.063 0.060
Ca—-NAT 0.060 0.024 0.023
Na—NAT 0.044 0.024 0.022
Ca-YUG 0.230 0.093 0.067
PBEsol wc RPBE

Li-BIK 0.025 0.026 0.048
Ba-EDI 0.040 0.041 0.042
Ca-GIS 0.078 0.079 0.067
Ca—-NAT 0.036 0.037 0.032
Na-NAT 0.025 0.028 0.040
Ca-YUG 0.123 0.123 0.074
PW91-0BS PBE-D PBE-TS

Li-BIK 0.042 0.032 0.027
Ba-EDI 0.043 n/a 0.044
Ca-GIS 0.086 0.061 0.051
Ca—-NAT 0.035 0.036 0.024
Na-NAT 0.027 0.046 0.037
Ca-YUG 0.160 0.093 0.065
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zeolite considered, this is achieved by dividing the dev
values reported in Table 1 by the deviation obtained with
the PBE functional (in principle, any functional could be
chosen as a reference, but we will see in the following that
the PBE functional is a convenient choice). This normali-
sation allows us to discuss the relative performance of all
other functionals with respect to PBE. These normalised
positional deviations are displayed in Figure 1.

In the second approach, the positional deviation
is averaged over all six zeolites by taking the arithmetic
mean of the dev values of Table 1. In addition to the global
mean deviation mdev, analogous values are calculated
for separate groups of atoms: Hydrogen atoms (mdev[H]),
oxygen atoms of water molecules (mdev[OW]), cations
(mdev]|cation]), and framework atoms (mdev[framework]).
These mean deviations are visualised in Figure 2.

Figure 1 shows that, although some functionals out-
perform the PBE functional for one or two systems, none
of them leads to a general improvement over the PBE
results across the set of zeolites studied. This is corrobo-
rated by the data displayed in Figure 2, which shows that
the PBE functional exhibits the lowest mean deviation
for most groups of atoms (except for the cation positions,
where PW91 and PW91-0BS perform somewhat better).
Regarding the other eight functionals, it is quite apparent
that the LDA gives the highest deviations for the major-
ity of zeolites. The deviations are largest for the positions
of the water molecules, with mdev[H] and mdev[OW] both
exceeding 0.15 A. While we will not discuss the results for
this functional in much detail due to its unsatisfactory
performance, the inspection of selected interatomic dis-
tances reveals that LDA tends to drastically underestimate

] === wc
| wzzzzzzi RPBE

N

b=

Normalised deviation

@(’

Fig. 1: Average positional deviations for the nine exchange-
correlation functionals considered, normalised by the positional
deviation obtained with the PBE functional (dev(PBE) =1).
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Mean deviations / A

Fig. 2: Global mean deviations calculated for different groups of
atoms: Squares = mdev for all atoms, circles = mdev[H], dia-
monds = mdev[OW], upright triangles = mdev]cation], inverse
triangles = mdev{framework].

the length of hydrogen bonds, often by several per cent.
This is in line with previous observations of a severe
“overbinding” in calculations using this functional ([38]
and references therein). This overbinding is related to the
fact that LDA does not incorporate any information on
the density gradient, rendering its unsuitable for systems
with a strong variation of the electron density [32]. Since
the spatial distribution of the electron density in the
zeolite structures (and porous materials in general) exhib-
its large variations (see below), LDA is not a good choice
for these materials. The PW91 functional leads to very
similar overall deviations as PBE for most systems, but
performs considerably better for Ba—EDI, and consider-
ably worse for Ca-YUG. In particular, the mean deviation
of the cation positions is significantly lower than for PBE,
but it is roughly the same amount higher for the hydro-
gen atoms. As the PW91 and PBE functionals are closely
related derivations of the generalised gradient approxima-
tion, it is not surprising that the two functionals show a
similar performance in most instances.

Oftherecently developed GGA-type functionals, PBEsol
and WC exhibit a virtually identical performance. This is
well visible in both Figures 1 and 2. The similar behaviour
of these two functionals is not surprising, given that they
were both designed to improve upon the behaviour of PBE
for compact solids [31, 32]. The mean deviations are gener-
ally higher than for PBE/PW91. The RPBE functional per-
forms well for hydrogen positions, but, on a whole, also
leads to larger positional deviations than PBE. In contrast
to PBEsol and WC, the RPBE functional was developed
for an improved description of systems with pronounced
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density variations, particularly for the chemisorption of
molecules on surfaces [33]. Tentatively, the rather modest
performance of the three more recent GGA functionals
may be attributed to the different degrees of density vari-
ation in the zeolite structures: While the density along
intra-framework contacts varies only slowly, much more
pronounced variations occur near the pore surface, espe-
cially in the environment of cations and water molecules.
Therefore, the two functionals optimised for solids should
give a realistic description of the denser parts of the zeolite
structure, but exhibit a less satisfactory performance with
regard to the extra-framework species. Indeed, Figure 2
shows that the largest positional deviations for these func-
tionals arise for the water molecules. The opposite is true
for RPBE, which gives rather large deviations for the frame-
work atoms, but relatively accurate water positions. It thus
appears that neither the functionals that were optimised
for solids, nor the functional designed for surfaces, arrive
at a better overall description of these systems than the tra-
ditional GGA functionals, which were not parameterised
specifically for small or large density gradients. The wider
implications of this preliminary finding should be investi-
gated in more detail in future studies.

On another note, it has to be considered that one
primary aim in the development of PBEsol and WC was
the improvement of the prediction of lattice parameters in
comparison to PBE [31, 32]. Thus, if a cell optimisation was
included in the DFT calculations, they might exhibit a better
performance. In this context, it is worth mentioning that
both PBEsol and the dispersion-corrected PBE-D functional
were found to predict the lattice parameters of various sheet
silicates very well [39]. However, as we are only interested
in the DFT optimisation of atomic positions in a fixed cell in
the context of this study, we leave this topic to future work.

Regarding the dispersion-corrected functionals, it is
quite clear that none of the three functionals improves
upon the performance of their uncorrected counterparts.
Given the fact that dispersion interactions can be expected
to play only a minor role in these systems, where covalent
and ionic bonds are dominant, this is not entirely sur-
prising. However, the different performance of the three
functionals is worth noting: While PW91-0OBS and PBE-D
give considerably higher deviations than PW91 and PBE,
PBE-TS provides an agreement with experiment that is, in
most cases, comparable to PBE (with the exception of Na—
NAT). The better performance of PBE-TS can be ration-
alised with the use of weighted dispersion coefficients,
as opposed to purely generic dispersion coefficients in
PW91-0BS and PBE-D. In the sense of ongoing method
development, it is encouraging to see that the most elabo-
rate scheme delivers more accurate results.
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The following discussion will focus on PBE and PBE—
TS, as these two functionals appear as the most suitable
choices to reproduce experimental crystal structures data
(PW91 would be an alternative possibility, but we prefer
PBE due to the better prediction of hydrogen positions).
First, we will look at the geometries of the adsorbed water
molecules, and the hydrogen bonds from a global point of
view (summarising the results for all six zeolites). After-
wards, we will discuss the environment of the cations sepa-
rately for each structure. All interatomic distances that are
relevant to the following discussion, as well as the opti-
mised structures obtained with the PBE and the PBE-TS
functionals, are given in the Supporting Information.

Analysis of interatomic distances for PBE
and PBE-TS functionals

Geometry of water molecules

The experimentally measured OW-H bond lengths in
the water molecules mostly fall between 0.96 and 0.98 A,
although there are some outliers, primarily for the systems
Ba—EDI (three OW-H bonds below 0.95 A) and Ca-YUG
(three OW-H bonds below 0.95 A and one above 1.0 A).
In the DFT-optimised structures, the bonds have a some-
what higher mean bond length, between 0.98 and 0.99 A,
and the outliers disappear. This is visualised in Figure 3
(as PBE and PBE-TS deliver virtually identical distances,
only the PBE data are included in the figure). It has been
shown that experimentally observed OW-H distances in

8 -8
Experiment
7- DFT (PBE) (|7
8 6- 7] -6
g 5 /% B
$ i
2] B B
s % %,/ 3
g .
g / L
Eo i B
092 094 096 098 100 1.02 104
d(OW-H) /A

Fig.3: Histogram plot of the frequency of occurrence of OW-H
distances in experimental structures and DFT-optimised structures
(PBE functional).
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water need to be corrected for thermal (“riding”) motion
[40]. This correction has been discussed in three of the
experimental studies from which the reference structures
were taken [19, 22, 23], however, the published struc-
tural parameters do not include this correction. In these
studies, the correction typically increases the distances by
0.02-0.03 A, to values around 0.99 A. These corrected dis-
tances are in excellent agreement with the OW-H distances
obtained from DFT. Therefore, DFT could be employed to
calculate improved OW-H bond distances in cases where
a crystal structure refinement delivers unphysical bond
lengths, an approach proposed previously by Larin and
co-workers [18].

The H-OW-H angles predicted by the calculations are
mostly in good agreement with the experimental values.
Experimental angles vary from 99 to 111 degrees, and the
calculated angles range between 103 and 111 degrees.
Again, values obtained with the PBE and PBE-TS func-
tionals are very similar. For four systems (Li—BIK, Ca—GIS,
Ca—NAT, Na—NAT), the deviations between calculated and
experimental H-OW-H angles do not exceed 1.2 degrees.
Larger deviations from 2 to 6 degrees are observed for Ba—
EDI, where the experimentally observed angles are more
strongly influenced by thermal motion due to the higher
measurement temperature, and for the water molecules
OW3 and OW4 in Ca-YUG. For these two water molecules,
hydrogen disorder was included in the experimental
structure refinement, and it is therefore not surprising
that the DFT optimisation (without disorder) converges to
somewhat different angles.

Hydrogen bonds

In addition to the intramolecular OW-H distances, it is of
particular interest to assess how well the DFT calculations
reproduce the hydrogen bond distances. In this context,
we consider all intermolecular H-O contacts that are sig-
nificantly shorter than 2.5 A in the experimental struc-
tures. This arbitrary threshold value is chosen for mere
convenience, and we do not attempt to discuss the actual
presence and/or strength of the hydrogen bonds. In the
six structures, there are only three hydrogen atoms which
do not participate in a hydrogen bond with a length below
2.5 A: H11 and H21 in Li-BIK and H12 in Ca-YUG.

Figure 4 shows a plot of the HO distances in the DFT-
optimised structures (PBE and PBE-TS) versus the experi-
mentally measured distances. The plot shows a moderate,
but systematic underestimation of the hydrogen bond
distances for contacts below approximately 2.1 A for both
functionals considered. The deviations range between

M. Fischer: Water molecules in zeolite hosts: Benchmarking DFT == 331

i T T ]
1 © PBE ca—yuG <
2641 <& PBE-TS H32-011
o
< 24
~~
£
:5«2.2
E )
= 2.0 Ca-YUG
HH11-02
1.8
1.6
1.6 1.8 2.0 2.2 2.4 2.6 2.8

d(H"0)exp / A

Fig. 4: Plot of H-0O distances in the structures optimised with the
PBE and PBE-TS functional versus the experimentally observed
distances. The straight line, which would correspond to perfect
agreement between experiment and calculation, is included to
guide the eye. The two cases for which the largest deviations are
observed are labelled.

0.01 and 0.12 A, and are thus, on average, significantly
larger than the differences in the intramolecular OW-H
bond lengths. Thus, these deviations cannot be explained
with the correction for thermal motion alone, and must
be considered as a systematically occurring feature of
the DFT calculations. A comparative underestimation of
the hydrogen bond distances has been observed, e.g., in
a previously reported investigation on molecular systems
which used the PBE functional [38]. It is not surprising
that similar deviations occur in periodic structures, and
it cannot be expected that the TS dispersion correction
(which is strongly damped at these short distances) will
qualitatively change the behaviour.

For three of the hydrogen bonds that are longer than
214, good agreement is observed, and there seems to be
no systematic error. However, there are also two outliers,
explicitly labelled in Figure 4, which will be discussed
in more detail in the following. To start with, it is worth
noting that both outliers are observed in Ca-YUG, and
that they are related to water molecules which are disor-
dered in the experimental structure. We first consider the
H11-02 bond, for which the DFT-predicted distances are
much shorter than the experimental distance. The hydro-
gen atom H11 is bonded to the oxygen atom OW1, and an
alternative oxygen position OW1A has been reported in
the experimental structure (see Figure 5). While this water
molecule shares one hydrogen atom (H12) with OW1, the
second hydrogen atom H13 points in the opposite direction
as H11, forming a hydrogen bond with framework oxygen



332 —— M. Fischer: Water molecules in zeolite hosts: Benchmarking DFT

Fig. 5: Environment of the water molecule OW1in Ca-YUG in the
experimental structure (left) and in the DFT-optimised structure
(right, PBE functional). Hydrogen bonds are indicated as dashed
lines. Other water molecules are omitted for clarity. In the experi-
mental structure, the secondary positions OW1A and hydrogen H13
have an occupancy of less than 20%, whereas the occupancies

of sites OW1, H11, and H12 amount to approximately 80%. Figure
prepared using Vesta [41].

016. Apparently, there are two adjacent local minima for
the water molecule, both of which will be occupied with
a certain probability. The deviations between DFT-opti-
mised structures and experiment can be explained, albeit
tentatively, by the difficulties to accurately determine the
position of the hydrogen atoms from experimental diffrac-
tion data in this complex case.

The DFT calculations predict a significantly longer
H-O distance in comparison to experiment for the other
outlier highlighted in Figure 4, the H32--011 bond. Despite
the qualitative differences, the reasons for the discrepancy
are probably similar to those discussed above: For water
molecule OW3, three different hydrogen positions were
refined from the experimental data, of which H31 and H32
have similar occupancies (48% and 42%; note that H31,
rather than H32, was removed prior to the DFT calcula-
tion due to the very short OW3-H31 bond of 0.90 A). In the
light of the disorder and rather low occupancy of H32, it
seems reasonable to attribute part of the observed devia-
tions to inaccuracies in the experimental determination of
the hydrogen position.

Cation-oxygen distances

In this subsection, the distances between the cations
and surrounding oxygen atoms in the DFT-optimised
structures are compared to the corresponding distances
in the experimental structures. The discussion consid-
ers the whole coordination environment of the cations,
including framework oxygens and oxygen atoms of the
water molecules. Because typical cation-oxygen dis-
tances range between 2 and 3 A, deviations of ~0.02 A
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correspond to an error of less than 1%. Deviations on this
order will only be mentioned summarily, and the discus-
sion will focus on cases where significantly larger differ-
ences are observed.

In Li-BIK, the two non-equivalent lithium cations are
tetrahedrally coordinated by three framework oxygens and
one water molecule. The interatomic distances between
cations and framework oxygens are in excellent agreement
with experiment in the structures optimised with the PBE
the PBE-TS functional. The cation-OW distances also agree
reasonably well, only the Li2-027 distances is somewhat
larger in the DFT-optimised structures (0.02-0.03 A).

The barium cations in Ba—EDI are tenfold coordinated
by six framework oxygen atoms and by four water mol-
ecules. Because the cations lie on a twofold rotation axis,
there are only five non-equivalent contacts. The distances
to the framework oxygens are 0.1-0.25 A longer than those
to water oxygens in the experimental structure, a pro-
nounced, systematic difference that is not observed in
any other zeolite studied. This trend is further enhanced
in the DFT-optimised structures, where the cation-oxygen
distances in the DFT-optimised structures are 0.02-0.04 A
longer for the contacts to framework oxygens, and 0.03—
0.05 A shorter for the contacts to the water molecules. A
more detailed analysis of the positional changes of the
individual atoms shows that this is primarily caused by
a displacement of the Ba atom towards the centre of the
pore (along the c-axis) by ~0.08 A (Figure 6). Because
the experimental structures measured at 100 K and 293 K
show no systematic variation in the Ba—0 distances [20],
it appears unlikely that this discrepancy stems from the
absence of thermal vibrations in the DFT calculations.
While we cannot offer an explanation for the observed

Fig. 6: Environment of the barium cation in Ba—EDI. Cation-oxygen
contacts are shown as dashed lines. The direction of the cation
displacement in the PBE and PBE-TS structures with respect to the
experimental structure is indicated by an arrow. Figure prepared
using Vesta [41].
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deviation at this stage, it is worth noting that the structure
optimised with the PW91 functional exhibits a much better
agreement of the barium position with experiment than
the PBE and PBE-TS structures (as is visible in Figure 1,
Ba—EDI is the only system for which PW91 performs signif-
icantly better than PBE). Future studies on Ba-containing
compounds could investigate whether this is a systematic
feature of the functionals in question.

The calcium cations in Ca—GIS are sixfold coordinated
by two framework oxygen atoms and four water molecules.
The agreement of the interatomic distances in the DFT-opti-
mised structures with experiment is very good for three of
the oxygen atoms, and moderate deviations between 0.02
and 0.04 A are observed for two others (08 and OW1). The
largest differences occur for the oxygen atom OW4, where
the very short Ca—OW4 contact of 2.21 A in the experimental
structure is elongated to 2.27 A in the DFT-optimised struc-
tures. This atom belongs to a water molecule which has an
occupancy of approximately 70%, which is replaced by two
other water molecules (OW5 and OW6) in the experimen-
tal structure in 30% of the cases. It was already pointed
out in the original publication that the Ca—OW4 distance
is unusually short when compared to crystalline hydrates
[21]. Again, we cannot offer a conclusive explanation for
the observed differences, but it is worth highlighting that
the most significant deviations occur for a cation-oxygen
distance that is affected by disorder in the real zeolite, not
entirely dissimilar to our previous observations for some of
the hydrogen bond distances in Ca-YUG.

In Ca—NAT, the cations are sevenfold coordinated by
four framework oxygens and three water molecules. In
the structure optimised with the PBE functional, agree-
ment with the experimental distances is excellent for
all contacts. Slightly larger deviations are observed for
the PBE-TS structure, where two contacts to framework
oxygens are 0.02-0.03 A longer than in the experimental
structure.

Na—NAT is the system where the most pronounced dif-
ferences between the PBE functional and the dispersion-
corrected PBE-TS functional occur. In this system, the
sodium cations are sixfold coordinated by four framework
oxygens and two water molecules. Agreement between DFT
and experiment is excellent for the PBE functional, where
all Na-O contacts predicted by DFT deviate less than 0.02
A from the experimental values. Interestingly, a systematic
deviation is observed in the PBE-TS structure, where all
four shorter Na—0O contacts (< 2.4 A in the experimental
structure) are elongated by 0.02-0.06 A. A closer look at
the atomic coordinates reveals that the sodium cation is
displaced by 0.06 A from the experimentally observed posi-
tion in the PBE-TS structure. This observation points to an
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unrealistically large influence of the additional long-range
interactions provided by the TS correction scheme on the
cation location. As Na—NAT is the only sodium-containing
system, it remains to be seen whether such problems occur
more frequently when applying the Tkatchenko-Scheffler
correction scheme to systems that incorporate Na cations.

The calcium cations in Ca-YUG are eightfold coordi-
nated by four framework oxygen atoms and four water mol-
ecules. The water molecules OW1 and OW4 are disordered
in the experimental structure, with secondary oxygen posi-
tions OW1A and OW4A, and the hydrogen atoms of OW3
are also disordered. Despite this rather high degree of dis-
order (at least in comparison to the other systems studied
in this work), the agreement of the DFT-optimised and
experimental cation-oxygen distances is mostly very good:
For six oxygen atoms, the differences are below or close to
0.02 A. The exceptions are the water oxygen atoms OW2
and OW4, for which deviations up to 0.04 A occur.

Further considerations

Finally, it may be remarked that we have not assessed
the performance of the DFT calculations in predicting
the intra-framework bond lengths and angles (Si-O and
Al-0 bonds, T-O-T angles). However, Figure 2 shows that
the deviations of the coordinates are usually very small
for the framework atoms. Furthermore, due to the three-
dimensional connectivity of the framework, the capability
to completely relax these bonds remains limited as long
as the lattice parameters are fixed. The situation changes
when a relaxation of the lattice parameters is included in
the geometry optimisation, and a careful analysis of the
intra-framework bond lengths could aid the identification
of systematic errors in this case.

Before presenting some concluding remarks, it is nec-
essary to briefly discuss the inherent limitations of the
chosen approach: In the first part of the results section, we
have selected the best-performing functionals by a direct
comparison of the DFT-optimised structures to experimen-
tal data, neglecting any possible errors in the experimen-
tal structures. On the other hand, the following discussion
showed that this aspect cannot be ignored entirely, and
that experimental errors must be invoked to explain some
observations, such as the rather large variation of OW-H
bond distances in the experimental structures, some of
which are unphysical. It could now be asked whether this
invalidates our previous conclusions: Could it be possi-
ble that those functionals which give the best agreement
with experiment primarily reproduce systematic experi-
mental errors most closely? This interpretation can be
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discarded when it is considered that these functionals
exhibit the best performance across the board, both with
regard to the different zeolite structures studied and the
different atom types (Figures 1 and 2). Thus, there is good
reason to expect that the general conclusions regarding
the best functionals would remain valid if an “error-free”
set of experimental reference structures was available. For
future work, it will be interesting to use high-level wave-
function based methods, which have become available for
periodic systems only recently [42], for the geometry opti-
misations, and compare the resulting structures to both
experimental and DFT data.

Conclusions

The comparison of nine exchange-correlation function-
als revealed that the two “traditional” GGA functionals
PBE and PW91 outperform the more recently developed
PBEsol, WC, and RPBE functionals in the prediction of
the atomic coordinates when the target is a minimisa-
tion of the positional deviations between experimental
reference structure and DFT-optimised structure. LDA
performs poorly, and while the inclusion of dispersion
interactions using generic dispersion coefficients (PW91-
OBS, PBE-D) worsens the performance, the PBE-TS func-
tional gives an agreement that is relatively close to PBE
for most cases. When looking at the positional deviations
in absolute terms, we note that the deviations for most
of the functionals (with the exception of LDA) are moder-
ate, remaining below 0.05 A for those zeolites in which
disorder does not play a role (Li-BIK, Ba—EDI, Ca—NAT,
Na—-NAT). This behaviour is very encouraging when we
consider that a variety of different interactions deter-
mine the equilibrium structure in these complex systems
(covalent bonds between framework atoms, ionic bonds
between cations and framework/water molecules, hydro-
gen bonds). While we have not included the optimisation
of the lattice parameters, previous works indicate that
dispersion-corrected functionals or functionals devel-
oped particularly for solids (PBEsol, WC) tend to exhibit
a better performance than PBE/PW91 when these addi-
tional degrees of freedom are incorporated [27, 39], which
is in accordance with the intention behind the develop-
ment of these functionals. Nevertheless, calculations
using a fixed cell with experimental lattice parameters
will remain the method of choice in many instances. For
such cases, our study delivers PBE as the recommended
choice, while PBE-TS constitutes a suitable alterna-
tive when the inclusion of dispersion interactions is
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important, e.g., in systems that also contain other guest
molecules which interact more weakly than water.

The more detailed analysis of the results for the PBE
and PBE-TS functionals revealed that the DFT calcula-
tions lead to a narrow distribution of the intramolecular
OW-H bond lengths. The predicted distances are in excel-
lent agreement with high-quality experimental values
that have been corrected for thermal motion, highlight-
ing the capabilities of DFT to predict the geometries of
adsorbed water molecules reliably in cases where a refine-
ment from experimental data delivers unsatisfactory
results. The situation is different for the hydrogen bonds,
where a systematic underestimation of the bond distances
is observed in the DFT-optimised structures. As discussed
above, this behaviour has been reported previously for
the PBE functional, and it is worth noting that all GGA
functionals considered in this work lead to similar devia-
tions. It would be desirable to include a selection of more
elaborate exchange-correlation functionals (meta-GGA,
hybrid functionals) in future studies, as has been done
for hydrogen-bonded molecular systems [43, 44]. Regard-
ing the cation-oxygen distances, only marginal deviations
between experimental and DFT-optimised structures
have been observed for the majority of cases. Some of the
discrepancies, such as those seen for the environment
of barium in Ba-EDI, deserve further careful study, as
various factors might influence the outcome of the compu-
tation (e.g., in addition to the exchange-correlation func-
tional, the choice of the pseudopotential will also have a
non-negligible impact).

The present study has shown the capabilities of plane-
wave DFT using computationally inexpensive GGA-type
functionals in reproducing the structures of water-loaded
zeolites. Clearly, the mere reproduction of experimental
data will rarely be the ultimate goal of a computational
study. To this end, the benchmarking presented here will
help to judge the predictive power (and possible limita-
tions) of previous and future DFT investigations of water
adsorption in zeolites and related systems. Such investiga-
tions might address a variety of topics related to the struc-
ture, bonding, and dynamics of water molecules confined
to the pores of crystalline materials.
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