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We investigate the adsorption of water molecules in the zeolite H-MFI at isolated Breonsted acid sites
(BAS) for loadings of 1, 2, and 3 H,O/BAS. We consider two approaches to the OzAl-O(H)-Si sites: the
Brensted-type approach of H,O to the acidic proton and the Lewis-type approach to the aluminium atom of
the AlO, tetrahedron. From the twelve crystallographically inequivalent framework sites for Al, a representative
set of six active site positions is chosen. For them, we calculate CCSD(T)-quality adsorption energies at MP2-
quality adsorption structures for different approaches, 48 in total. The Brgnsted-type approach is favoured for
most cases but the Lewis-type approach has similar stability for some framework positions. We predict heats
of adsorption per molecule ranging from 60 to 76, 56 to 65, and 56 to 64 kJ mol ™! for loadings of 1, 2, and
3 H,O/BAS, respectively. For 1 H,O/BAS, the experimental result (70 kJ mol™) falls into the range of our
predictions, whereas for 2 and 3 H,O/BAS, the measured adsorption heats per molecule (74 and 70 kJ mol™,
respectively) are larger than our predictions. For 2 H,O/BAS, the ion-pair structure generated by proton
transfer to the water dimer competes with the neutral adsorption complex. The DFT adsorption energies
(PBE+D2) deviate significantly from the CCSD(T)-quality reference energies, by up to 25 kJ mol™? for 1 H,O/
BAS, 25 kJ mol™ per H,O for 2 H,O/BAS, and 18 kJ mol* per H,O for 3 H,O/BAS. Specifically, PBE+D2
overstabilises the ion-pair structure, ie. in many cases the PBE+D2 error is much larger for ionic than for
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an aluminium atom and adding a charge-compensating proton.
This creates Si-O(H)- - -AlO; bridges which are the main active

1. Introduction

Open Access Article. Published on 04 de setembre 2024. Downloaded on 1/2/2026 9:11:35.

(cc)

Zeolites are solid catalysts that are widely used in industry." There is
renewed interest” * triggered by catalytic biomass conversion in the
aqueous phase.’ Thus, understanding water adsorption in zeolites
is of fundamental importance. Water is also produced in many
zeolite-catalysed reactions, e.g. in the methanol-to-olefin (MTO)
process.”” Residual and defect-bound water may also result from
activation of “as-synthesised” samples which removes water from
the pores and unlocks the active sites. Since decades ago, numer-
ous experimental and computational studies have examined the
interaction of water molecules with acidic zeolite catalysts.*®

The proton form of zeolites is formally obtained from a
nanoporous SiO, framework by substituting a silicon atom with

“ Institut fiir Chemie, Humboldt-Universitit zu Berlin, Unter den Linden 6, 10099
Berlin, Germany. E-mail: js@chemie.hu-berlin.de

? Department of Physical and Macromolecular Chemistry and Charles University
Centre of Advanced Materials, Charles University, 12843 Prague, Czech Republic

i Electronic supplementary information (ESI) available: Tests for settings within

the embedding scheme, as well as energies, structural features, and experimental

data. In addition, we provide x,y,2 coordinates and absolute energies of the

MP2:PBE+D2 optimised structures as well as example inputs. See DOI: https://doi.

0rg/10.1039/d4cp02851a

i Present address: Yusuf Hamied Department of Chemistry, University of Cam-

bridge, CB2 1EW Cambridge, UK.

23588 | Phys. Chem. Chem. Phys., 2024, 26, 23588-23599

sites of zeolite catalysts. Since they are the origin of the Brensted
acidity of zeolites,'® Si-O(H): - -AlO; bridges are referred to as
Brgnsted acid sites (BAS). While H-bonding of water molecules
to BAS is well-known,""™ it was only in 2015 that a second,
albeit energetically less favourable, adsorption structure for H,O
has been suggested"* in which the four-coordinated Al of the
bridging Si-O(H): - -AlO; group acts as Lewis acid, see Fig. 1.

In the present computational study, we investigate water
adsorption at isolated BAS of the ideal H-MFI structure in the
low-loading regime, i.e. for 1, 2, and 3 H,O/BAS. We take both
the Brensted-type and the Lewis-type approach into account,

H H
\o/ " H
o 1. v
H N\ 0N o o. .°=H
| o  §7 A _H NN
0\ oL / H\ £\ o S PN
si”” Al 6o 0o | H Y B
5\ 5\ H oo o
60 00
Motif B Motif L Motif Lsy"

Fig. 1 Interaction motifs for water adsorption on bridging Si—O(H)- - -AlO3
groups: Brensted approach forming an H-bond (motif B) or Lewis-type
approach (motifs L or L")
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see Fig. 1. We will address the central question if the proton is
transferred from the BAS to the adsorbed water molecules and
how this depends on the number of adsorbed water molecules.
We will show that reliable predictions of the protonation state
and chemically accurate predictions of the heat of adsorption
requires to go beyond commonly applied levels of density
functional theory (DFT), the so-called generalised gradient
approximation (GGA).">® To do so, we use our hybrid high-
level QM: low-level QM method (QM = quantum mechanics)"”
which yields chemically accurate results (+4 kJ mol ") at the
level of coupled cluster theory with singles, doubles, and
perturbative triples substitutions (CCSD(T))."**°

Early calculations™ ™ predicted for a single adsorbed mole-
cule that the neutral adsorption complex is a minimum on the
potential energy surface whereas the hydronium ion is a
transition structure for proton exchange.''? They further
showed that an ion-pair complex cannot explain the characteristic
pair of infrared (IR) bands observed in the H-bond region (2885
and 2460 cm '), contrary to the experimental assignment.*! The
conclusive experiment was **0 substitution of H,O which showed
no effect on this pair of bands.?” The calculations for the neutral
H-bonded complex explained this pair of bands assuming a Fermi
resonance between the strongly red-shifted bridging OH group
engaged in H-bonding and the overtone of the in-plane Si-O-H
bending.>'"** Additional evidence came from an inelastic
neutron scattering (INS) spectrum which could be only explained
assuming a neutral adsorption complex.>* For loading of
two water molecules per BAS (2 H,O/BAS), proton transfer
with formation of HsO," was predicted as a minimum energy
structure,"”*™ in agreement’® with evidence for protonated
adsorbed water molecules produced by neutron diffraction.*®
Subsequent Car-Parrinello molecular dynamics (CPMD) simula-
tions showed that, for 2 H,O/BAS, the neutral (H,0), complex and
the H;0," ion-pair structure are about equally stable,>”*® but the
precise energy balance depends on the specific functional used
for the DFT calculations.® Further DFT-based simulations*”°
predicted that, at finite temperatures, the protonated dimer is
not stable, protonated water trimers may exist as a short-lived
species, and only the tetramer forms a stable protonated cluster.
The trend to more stable protonated clusters with increasing
number of water molecules corresponds to the increasing proton
affinity of water clusters.””*°

Recent meta-dynamics simulations with the PBE™ func-
tional augmented with Grimme’s D2 dispersion term®' for up
to eight water molecules in four different zeolite frameworks>>
confirmed the earlier findings and reached an important addi-
tional conclusion. With a properly chosen collective variable it
was possible to distinguish two states of protonated water
clusters. In the first, the proton is transferred to the water
molecule closest to the BAS forming a Zundel-type structure.
In the second, a hydronium ion is formed that is fully solvated
by other water molecules. From 2D IR experiments for H-MFI
and molecular dynamics (MD) with the revPBE functional®
augmented with Grimme’s D3 dispersion term,** a similar
conclusion has been reached:**® For 2 H,0/BAS, the proton
is shared between the water molecule and the BAS whereas for
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3-8 H,O/BAS, proton sharing occurs primarily between two
water molecules. For loadings of 2-9 H,O/BAS, Hu, Lercher,
and co-workers observed a 'H-NMR signal at 9 ppm and
assigned it to hydrated hydronium ions,> in agreement with
an early prediction of a signal at 9.5 ppm for protonated water
dimers in zeolites.*”

For adsorption energies, DFT (PBE functional) calculations
for 1, 2, 3, and 4 H,O/BAS in H-CHA yielded the expected
monotonous decrease with the number of water molecules, 76,
61, 59, 60 kJ mol™', respectively.”® This was consistent
with the monotonous decrease of the heat of adsorption
from 80 + 10 kJ] mol " (1 H,O/BAS) to 60 + 10 kJ mol *
(2-4 H,O/BAS) derived by Olson, Haag, and Borghard from
isotherms®® and measured by Bolis, Busco, and Ugliengo using
microcalorimetry.®® Liu, Lercher, and co-workers studied the
gradual hydration of H-MFI using microcalorimetry for samples
with varying Si/Al ratios.? For water loadings >3 H,O/BAS, they
found the expected trend of steadily decreasing heats of
adsorption which eventually reach the condensation enthalpy
of water (—45 kJ mol '), but that adsorption of the second
water molecule per BAS is more exothermic than the first water
came as a surprise. For the samples with Si/Al = 110 and 45,
they measured integral heats of adsorption per molecule of
70.2 + 0.5, 74.4 + 0.7, and 69.7 + 2.1 k] mol " for loadings of
1, 2, and 3 H,O/BAS, respectively, see Section S4 of the ESL.¥

Previous DFT studies of water adsorption in H-
MEFT>!43235,36:40743 4] relied on GGA-type functionals which -
due to the self-interaction error — overstabilise polar structures.
At this rung of the Jacob’s ladder,** PBE'? is probably the most
widely applied functional for solids and surfaces. Augmented
with Grimme’s D2 or D3 dispersion terms,*"** absolute errors
of about 20-70 kJ mol ™" have been reported for adsorption and
reactions in zeolites.*>>" For H-bonded systems, too low proton
jump barriers®® and too strong H-bonding is found. For example,
for adsorption of methanol and ethanol in H-MFI, the adsorp-
tion energies predicted by PBE+D2 are 17 and 22 kJ mol %,
respectively, too binding.>® Moreover, GGA-type functionals yield
too weak and too long O-H bonds®® which are too much
stretched on H-bond formation.>® This leads to a too large red-
shift of the O-H stretching band upon adsorption.>**® Compar-
ison of PBE+D2 results with converged CCSD(T) calculations
for the cyclic water trimer, tetramer, and pentamer’” provides
further evidence for the shortcomings of GGA functionals for H-
bonded systems, see Section S1.5 of the ESL

To go beyond DFT in general and beyond PBE+D2/D3 in
particular, we combine Mpgller-Plesset perturbation theory to
second order (MP2)°® for cluster models with PBE+D2 on
periodic models (hybrid MP2:PBE+D2) for optimising
structures."”” We stay with D2 because for zeolites D3 is no
improvement over D2.*®* At the MP2-quality structures, we
employ smaller cluster models to evaluate the CCSD(T)-MP2
energy difference. This defines the hybrid MP2:(PBE+D2)+ACC
approach applied before to a variety of molecule-surface
interactions.'””**° In addition, we test the Becke 3-parameter
Lee-Yang-Parr (B3LYP)®>®' exchange correlation functional
augmented with Grimme’s D3 dispersion term®* (B3LYP+D3)
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as an alternative to MP2 in hybrid B3LYP+D3:PBE+D2 structure
optimisations.

For brevity and readability, we will refer to our hybrid
MP2:PBE+D2 and MP2:(PBE+D2)+ACC results as MP2 and
MP2+ACC results, respectively. The MP2+ACC energies are
single-point results at MP2 structures.

2. Methods and models

2.1. Computational details

Periodic DFT calculations are performed with the PBE"
exchange correlation functional augmented with Grimme’s
D2 dispersion term®' and Ewald summation® as implemented
in VASP 5.4.1.%%7° Plane wave basis sets are used for the valence
electrons. The projector augmented wave method (PAW) is used
for core electrons (standard potentials). The Brillouin-zone is
sampled at the I'-point only. These settings have performed
well for similar systems.’” "% A kinetic energy cut-off of
400 eV is chosen, except for the iterative cell vector optimisa-
tions which use a cut-off of 800 eV to minimise the effect of
volume change on the basis set in each iteration.®® Cell vectors
are optimised for the most stable conformer of each active site
position individually, see Table S18 in the ESL{ Convergence
thresholds are set to 10”7 eV for changes in energy and
0.005 eV A™* for changes in structure. Hessian matrices are
calculated numerically using central finite differences and
Cartesian displacements of 0.01 A with an energy convergence
threshold of 10® eV. They are used to verify stationary points
by normal mode analysis as well as to obtain zero-point vibra-
tional energies and thermal enthalpy contributions.

We perform hybrid MP2:PBE+D2 calculations using a
mechanical embedding scheme®””® which combines MP2°%”"
calculations on cluster models with PBE+D2 calculations on the
periodic system.’*°%”> We use hybrid MP2:PBE+D2 forces to
reoptimise PBE+D2 structures. These calculations are per-
formed with the MonaLisa code’*’* which couples ORCA
4.2.17>7° for cluster calculations with VASP 5.4.1%*7°¢ for peri-
odic calculations. Section S3 of the ESIf presents all cluster
models. As suggested previously,®”’® dangling bonds are
capped by hydrogen atoms with a fixed O-H bond length of
95.3 pm. As an alternative to MP2 as high-level method,
B3LYP+D3 is tested in hybrid B3LYP+D3:PBE+D2 structure
optimisations. Hybrid structure optimisations use the def2-
TZVP basis set’” for PBE+D2 low-level cluster calculations and
the def2-TZVPP basis set’”” for MP2 or B3LYP+D3 high-level
cluster calculations.®”””%7°

The domain-based local pair natural orbital (DLPNO) appro-
ximation (tightPNO settings) is used with MP2 and CCSD(T) in
hybrid MP2:(PBE+D2)+ACC single-point calculations,®**" but
not for hybrid MP2:PBE+D2 structure optimisations which are
performed with standard RI-MP2 (RI = resolution of identity
approximation®?). MP2 and CCSD(T) energies are extrapolated
to the complete basis set (CBS) limit using the cc-pvnZ (n =T,
Q) basis sets®®! in a two-point extrapolation scheme.®>*°
Adsorption energies are counterpoise-corrected to minimise
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Fig. 2 Topology of the MFI framework featuring straight and zigzag
channels as well as intersection regions.

the effect of the basis set superposition error,®” but not in
hybrid MP2:PBE+D2 structure optimisations. The employed
hybrid methodology has been tested extensively, see Section
S1 of the ESL.}

2.2. Periodic H-MFI models

The MFI framework features straight and zigzag channels with
spacious cavities at their intersection, see Fig. 2. In the ortho-
rhombic MFI framework,® 12 crystallographically unique tetra-
hedral sites (T-sites) exist which can be occupied by aluminium
and each aluminium atom is surrounded by four crystallogra-
phically distinct oxygen atoms to which the proton can be
attached. This results in 48 possible BAS positions. We consider
only isolated BAS, i.e. one aluminium substitution per unit cell
(Si/Al ratio of 95).

Depending on the aluminium and proton positions, the
sites for Bronsted and Lewis approach to the BAS can be in
different regions of the framework. To examine the effect of the
active site heterogeneity on the adsorption of water, we define a
representative set of five sites that covers all regions in H-MFI,
see Table 1. Whereas the aluminium siting is not governed
by thermodynamic stability, but depends on the synthesis
conditions,®*°" the protons are mobile®” and will assume their
most stable position, in particular in the presence of water.”
We follow previous work® in selecting most probable Al lattice
positions, and for each of them we choose the most stable
proton position, see Table 1. The Al3-O5(H)-Si2 site, which is

Table 1 Locations of Brensted acid sites (BAS) and their accessibility for
Bronsted-type (B) and Lewis-type (L) approach in the MFI framework. As B
and L sites often point into different topological regions, some combina-
tions are not possible (indicated with a dash)

Brgnsted-type approach (B)

Lewis-type

approach (L)  Straight Zigzag Intersection

Straight — Al11-024(H)-Si10 —

Zigzag Al7-017(H)-Si8 — .

Intersection  Al2-O7(H)-Si6  Al6-O10(H)-Si3 —

Wall — — Al12-08(H)-Si3
Wall — — Al3-0O5(H)-Si2

This journal is © the Owner Societies 2024
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Fig. 3 Interaction motifs for water adsorption via Brensted-type (B) and
Lewis-type (L) approach in H-MFI. Additional water molecules can form H-
bonds (H) with other water molecules.

also in the very accessible intersection region, is added for
comparison with a previous study.'* Having defined the proton
positions in Table 1, we will refer to the BAS simply using the
T-site at which the aluminium atom resides: T2, T3, T6, T7, T11,
and T12. BAS with aluminium at T7 (regular site) or T12
(intersection site)’* are commonly used in computational stu-
dies. e.g. ref. 94 and 95.

For loadings of 2 and 3 H,O/BAS, H-bonding (H) between
water molecules is an option. Hence, the adsorption motifs are
BH, BL, and LH for 2 H,O/BAS as well as BHH, LHH, BHL, and
BLH for 3 H,O/BAS, see Fig. 3. The periodic models contain one
active site per unit cell which implies a homogeneous distribu-
tion of water molecules over the active sites.

3. Results and discussion

3.1. PBE+D2 structures and energies: conformational
diversity

For adsorption of two and three water molecules, different
combinations of Brensted-type (motif B) and Lewis-type
approach (motif L)' exist for each framework position, see
Fig. 3. The syn-approach to the Lewis site (LY, see Fig. 1) is
considered whenever steric constraints prohibit an approach in
anti-position. In addition to the primary H-bond with the BAS,
water molecules can form secondary H-bonds with oxygen

This journal is © the Owner Societies 2024
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Motif BHH

Fig. 4 B, BH, and BHH adsorption structures at T11. Colour code: alumi-
nium — green, framework oxygen accepting H-bond - red, oxygen in water
molecules — blue, framework silicon and oxygen — grey, hydrogen — white.

atoms in different Si-O-Si framework sites, leading to multiple
conformers for each interaction motif at each framework posi-
tion. Fig. 4 shows the B, BH, and BHH adsorption structures at
T11 as an example. As the secondary H-bonding interactions
can be strong, the conformers can differ significantly in
adsorption energy. We use chemical intuition to find all
sensible adsorption structures. Overall, 538 unique adsorption
structures were identified: 78, 182, and 278 for loadings of 1, 2,
and 3 H,O/BAS, respectively. This illustrates that water adsorp-
tion in H-MFI is a complex computational problem.

Fig. 5 shows the ranges of PBE+D2 adsorption energies for
different conformers at the same site, see ESI,T Section S2.2 for
details. For a given framework position, the adsorption energy
for a particular motif varies vastly across the different confor-
mers. In most cases, the difference between the most and least
stable conformer is between 10 and 30 kJ mol " Fig. S5 in the
ESIt presents the variation of adsorption energies across the
conformers and Fig. S6 in the ESI{ the adsorption energy
differences with respect to the most stable conformer. These
figures show that the large ranges between most and least
stable conformer are not caused by outliers, which points to the
importance of a comprehensive sampling of conformers when
a local approach is used for thermodynamic predictions instead
of global sampling with, e.g., molecular dynamics.

As a trend, the energy ranges become broader with increas-
ing water loading. Larger water clusters can form H-bonds to
framework oxygen atoms that are farther away from the active
sites. The overall number of H-bonding opportunities increases
and thus a larger number of conformers is observed. While a
single water molecule can only form H-bonds with framework

Phys. Chem. Chem. Phys., 2024, 26, 23588-23599 | 23591
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Fig. 5 Ranges of adsorption energies for different conformers of a given
adsorption motif as obtained with PBE+D2. Colour code (top to bottom
for each interaction motif): Al2—O7(H)-Si6 (T2) — blue, Al3-O5(H)-Si2 (T3)
— violet, Al6—O10(H)-Si3 (T6) — green, Al7-O17(H)-Si8 (T7) — red, All1-
0O24(H)-Si10 (T11) — orange, and Al12—-08(H)-Si3 (T12) — turquoise.

oxygen atoms that are in direct vicinity to the active site, a cluster
of three water molecules can extend across the channels. When
divided by the number of water molecules the energy ranges
become narrower with increasing water loading, see ESI, T Fig. S7.

3.2. MP2 adsorption structures compared to PBE+D2 results

For each interaction motif (B, L, BH, BL, LH, BHH, LHH, BHL, and
BLH) at every framework position (T2, T3, T6, T7, T11, and T12),
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("PBE") and hybrid B3LYP+D3:PBE+D2 (“B3LYP") structures referenced to
MP2 structures for the most stable conformers of each interaction motif at
each framework position.

the most stable conformer at the PBE+D2 level is selected for a
structure optimisation with MP2. Since at some T-sites certain
Lewis-type interaction motifs are not possible, this yields 48
conformers in total.

For the different interaction motifs, Fig. 6 shows the maximum
deviation (signed) as well as the mean absolute (MAD) and
mean signed (MSD) deviation of all OH bond lengths obtained
with PBE+D2 from the MP2 reference values, see Section S2.3
of the ESIT for details. By far, BH shows the highest maximum
deviations of up to 13.5 pm. MADs and MSDs are equivalent
in all cases, demonstrating that PBE+D2 systematically
predicts too long, ie., too weak, covalent OH bonds. The
MAD is highest for B (2.8 pm), BH (2.9 pm), and BHL
(2.4 pm). Adsorption via the Lewis-type approach is less affected
by the limitations of PBE+D2. Still, MP2 reoptimisation leads
to a shortening of Al --OH, distances (which are typically
around 200 pm) by 1-5 pm in many cases, see Section S2.3 of
the ESL

As a computationally less demanding alternative, hybrid
B3LYP+D3:PBE+D2 structure optimisations are also con-
ducted, see Fig. 6. The adsorption structures obtained are
very similar to the MP2 ones, see Section S2.3 of the ESLf}
Referenced to MP2 structures, the MADs are 1.4-2.9 pm for
PBE+D2 but only 0.1-0.4 pm for hybrid B3LYP+D3:PBE+D2.
For the latter, also the maximum deviations are small, with
values between 0.2-1.4 pm. These results, obtained for a
diverse set of 48 water adsorption structures, show that hybrid
B3LYP+D3:PBE+D2 is indeed a cost-efficient alternative to
MP2 for structure optimisations. For adsorption energies,
however, it does not reach MP2 accuracy, see Section S2.3 of
the ESL.t
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3.3. Protonation state of water clusters attached to Bronsted
acid sites

When water molecules interact with a BAS, they can get proto-
nated and thus deprotonate the BAS.""%® As a structural descrip-
tor, we introduce the degree of deprotonation (DoD) of the BAS:

load i
RZDEl)—H — RZrCOC—H (1)

DoD =
Rload _ Rfree + Rload _ Rfree
ZO0—-H Z0—H ZOH—-OH, H—-OH;,™

Riad and RIS, are the OH bond distances of the bridging
hydroxyl group in the adsorption complex and in the bare zeolite,

respectively. R%‘}LOHZ is the distance between the proton of the

bridging hydroxyl group and the oxygen atom of the adsorbed
water molecule and R‘;‘ffmw is the OH bond distance in the
isolated hydronium ion. Consequently, the limiting case of
DoD = 0 (neutral complex) corresponds to no deprotonation of
the BAS, ie. an unperturbed BAS, while DoD = 1 (ion-pair
complex) implies full deprotonation of the BAS and thus
formation of a protonated water cluster, see Fig. 7.

Table 2 shows DoD values and energies for adsorption at all
framework positions. For comparison, PBE+D2 results are also
shown. For further details, see Section S1.4 of the ESI.{ For a
loading of 1 H,O/BAS, structures optimised at the MP2 level do
not indicate deprotonation of the BAS. The DoD values are
between 0.03-0.10 for interaction motif B at the different
framework positions. In contrast, for 3 H,O/BAS, DoD values
between 0.91-0.97 indicate full deprotonation of the BAS for all
adsorption sites (motif BHH), see Table S31 in the ESI.{ For 2
H,O/BAS, interaction motif BH, MP2+ACC predicts both neu-
tral complex structures and ion-pair structures. With MP2+ACC
these have similar stabilities.
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Fig. 8 lon-pair complex, ZO™---HsO,", and neutral complex, ZOH- - -(H,0),,
for adsorption motif BH at T7 as obtained via structure optimisation with
PBE+D2 (bottom) and MP2 (top), see Table 2. DoD defined in egn (1). The
middle part shows MP2+ACC adsorption energies in kJ mol™.

As an illustrative example, Fig. 8 shows the respective
structures at T7. With MP2+ACC, the neutral complex,
ZOH. - -H40,, is 6 k] mol ' more stable than the ion-pair
structure, ZO™---H;0,", whereas with PBE+D2 the ion-pair
complex is 10 k] mol~* more stable than the neutral complex.
The difference between MP2+ACC and PBE+D2 adsorption
energies is 44 k] mol " for the ion-pair, but only 28 kJ mol "
for the neutral complex. This is a clear manifestation of the
overstabilisation of polar structures with GGA-type functionals
due to the self-interaction error.

At the PBE+D2 potential energy surface, the O-H bonds are
stretched too much and the proton of the zeolitic OH group
moves to the adsorbed water dimer, resulting in a DoD of 0.67
instead of 0.21. This means that the isomer which was a neutral

Table 2 Adsorption energies (E,qs) in kJ mol™ and degrees of deprotonation (DoD) for the respective most stable conformers of the ion-pair complex
(ZO™---H50,%) and neutral complex (ZOH- - -H40,) for 2 H,O/BAS (motif BH) as obtained with PBE+D2 and MP2+ACC (MP2+ACC energies on MP2

structures)
PBE+D2 PBE+D2 MP2+ACC MP2
Eaqs DoD Eaqs DoD
ZO~---H;0," ZOH- - -H,0, 70~ ---H;0," ZOH- - -H,0, Z0~---H;0," ZOH- - -H,0, ZO~ - -H;0," ZOH- - -H,0,
T2 —162 —141 0.95 0.58 —123 —125 0.92 0.14
T3 -177 —168 0.94 0.48 —139 —137 0.92 0.19
T6 —163 —141 0.92 0.37 —124 —121 0.91 0.14
T7 —172 —162 0.89 0.67 —128 —134 0.88 0.21
T11 —162 —138 0.82 0.27 —112 —113 0.82 0.08
T12 —182 —161 0.92 0.30 —136 —133 0.91 0.14
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Table 3 Electronic adsorption energies (E.qs) in kJ mol™ as obtained with PBE+D2 and MP2+ACC for BAS at different framework positions
1 H,O/BAS 2 H,O/BAS 3 H,O/BAS
BAS B L? BH BL? LH BHH LHH BHL BLH
T2¢ PBE+D2 —70 —70 —162 —128 —147 —245 —207 —205 —205
MP2+ACCY —64 —67 —123 —116 —133 —198 —181 —178 —183
T3¢ PBE+D2 —90 —29 —177 —139 — —246 — — —
MP2+ACC? —74 —25 —139 —110 — —-191 — — —
T6° PBE+D2 —72 —69 —163 —128 —146 —240 —205 —196 —200
MP2+ACCY —67 —64 —124 —123 —133 —-197 —-176 —-167 —-179
T7¢ PBE+D2 —88 —69 —172 —145 —132 —250 —202 —210 —198
MP2+ACCY —74 —63 —128 —128 —119 —201 —174 —177 —174
T11° PBE+D2 —-97 —-73 —162 —149 —134 —234 —201 —204 —210
MP2+ACC? —72 —63 —112 —125 —112 —181 —166 —166 —176
T12°¢ PBE+D2 —94 —55 —182 —130 — —259 — —215 —
MP2+ACC? —-79 —45 —136 —108 — —207 — —177 —

@ LY for T3. ” BL?" for T3. © Al position, see Table 1. ¢ MP2 structure optimisation.

complex on the MP2 potential energy surface becomes a second
ion-pair structure at the PBE+D2 surface. For the ion-pair
structures with similar DoD for both methods (left side of
Fig. 8), the O-H bonds are much more stretched on H-bond
formation. For example, the O-H bond involving the shared
proton of the adsorbed protonated water dimer is much longer
with PBE+D2 (112 pm) than with MP2 (105 pm). Both for the
relative stabilities and O-H bond lengths, the results for other
framework positions are similar to those for T7, see Table 2.
Further, Table 2 shows that PBE+D2 artificially predicts ambig-
uous protonation states (0.27 < DoD < 0.67) for all framework
positions.

3.4. MP2+ACC adsorption energies compared to PBE+D2
results

Table 3 shows the MP2+ACC adsorption energies for the most
stable conformers and compares them with PBE+D2 results.
For each interaction motif, Fig. 9 shows the adsorption

L (T2, -67)

BHH (T12, -207) LHH (T2, -181)

structure at the T-site at which this motif is most stable as
predicted by MP2+ACC.

The ACC corrections (CCSD(T) - MP2 differences) are much
smaller than the AMP2 corrections (MP2-PBE+D2 differences),
with maximum absolute values of 6 and 50 k] mol™*, respec-
tively, see Tables S34 and S35 in the ESI.f While the MP2
corrections are always positive, i.e. destabilising, the CCSD(T)
corrections can be positive or negative. For most interaction
motifs, the ACC corrections are negligible. Only for motifs BH
and BHH, they are between 2-6 k] mol *. We conclude that
adding the MP2 correction to PBE+D2 is already enough to
reach chemical accuracy in most cases.

Fig. 10 shows the variation of MP2+ACC adsorption energies
for motifs B and L across different framework positions com-
pared to PBE+D2. For motif B, the range of adsorption energies
for the different T-sites extends over 15 kJ mol™' with
MP2+ACC, but over 24 k] mol™! with PBE+D2, see Table 3
and Fig. 10. This shows that PBE+D2 not only overestimates

BH (T3, -139)

BHL (T7, -177) BLH (T2, -183)

Fig. 9 Most stable adsorption structures for each interaction motif. Framework position and MP2+ACC adsorption energies in kJ mol™t in parenthesis.
Colour code: aluminium — green, framework oxygen accepting hydrogen bond — red, oxygen in water molecules — blue, framework silicon and oxygen

— grey, hydrogen — white.
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Fig. 10 PBE+D2 and MP2+ACC adsorption energies (black bars) for
motifs B and L at different framework positions, see also Table 3. Arrows
indicate the PBE+D2 error.

water adsorption strengths but also artificially amplifies differences
between the framework positions. For T6 and T2, the differences
between PBE+D2 and MP2+ACC are —5 and —6 k] mol %, respec-
tively, whereas they are —14, —15, and —16 kJ mol ™" for T7, T12,
and T3, respectively, and —25 kJ mol " for T11. The large error for
T11 changes the sequence of adsorption strengths of the different
T-sites, from T12 > T3 ~ T7 > Ti11 with MP2+ACC to T11 >
T12 > T3 > T7 with PBE+D2.

For motif L, the MP2+ACC energies for adsorption on T2, T6,
T7,and T11 are in a narrow range between —67 and —63 kJ mol ’,
whereas for adsorption on T12 and T3 they are significantly less
exoenergetic, —45 and —25 kJ mol ", respectively. At the latter
framework positions, the AlO, Lewis-site lies in a small, steri-
cally less accessible cage which can accommodate water only
under destabilising framework distortions or in the unfavour-
able syn-position, see Fig. 1. For T6 and T2, the adsorption
energies for motif L are comparable with those of motif B
within £3 kJ mol™ %, but these are the sites which are least
exoenergetic for motif B, —67 and —64 k] mol ™, respectively.
Hence, only for H-MFI samples with Al in T6 and T2, a partial
population of L-type adsorption structures can be expected, and
only after the BAS at all other T-sites have been populated, if
energetically favoured, even with more than one water molecule.
Similarly to motif B, PBE+D2 overestimates the water adsorption
strengths compared to MP2+ACC. For motif L, however, the
errors are much smaller, between 3 and 10 kJ mol *. The
PBE+D2 energies for adsorption on T6 and T2 remain compar-
able with those of motif B within +3 kJ mol ™.

For 2 H,O/BAS, interaction motif BH, Fig. 11 shows the PBE+D2
adsorption energy errors with respect to MP2+ACC for Al in
different T-sites. Due to the self-interaction error, they are signifi-
cantly larger for the ion-pair complex, 38-50 k] mol ™ *, than for the
neutral complex, 16-31 k] mol™', see also Table 2. While
MP2+ACC predicts similar stability of ion-pair complex and neu-
tral complex, PBE+D2 erroneously favours the ion-pair complex.
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Fig. 11 PBE+D2 and MP2+ACC adsorption energies (black bars) for ion-
pair complex and neutral complex for BAS at different T-sites, see also
Table 2. Arrows indicate the PBE+D2 error.

With regard to the different interaction motifs for 2 H,O/BAS,
with MP2+ACC BH is favoured for T3, T7, and T12, whereas BL is
favoured for T11 and LH is favoured for T2 and Té. Conversely,
PBE+D2 clearly favours motif BH for all framework positions,
predicting the formation of an ion-pair complex, Ze. complete
deprotonation of the BAS. This shows that PBE+D2 seriously over-
estimates the stability of the ion-pair complex, see also Table 2.
Overall, the range of adsorption energies for BH, BL, and LH is
much narrower with MP2+ACC (—108 to —139 k] mol ") than with
PBE+D2 (—128 to —182 kJ mol ). Not only does PBE+D2 show
errors as large as 50 kJ mol ', but these errors are also not
consistent. Errors for the different stationary points vary between
5 and 50 kJ] mol . In addition, the nature of stationary points
(neutral complex vs. ion-pair structure) may change.

For 3 H,O/BAS, both MP2+ACC and PBE+D2 favour inter-
action motif BHH. For all interaction motifs with 3 H,O/BAS at
all T-sites, the PBE+D2 errors with respect to MP2+ACC vary
between 21-55 k] mol~'. While Lewis-type approach of water
molecules to the aluminium atom of the AlO, tetrahedron may
be relevant for loading 1-2 H,O/BAS, the formation of proto-
nated water clusters for the BHH motif offers a much higher
stabilisation at loading 3 H,O/BAS. We expect a preference for
protonated water clusters also at loadings larger than 3 H,O/BAS.

Since the revPBE functional®® augmented with the D3 dis-
persion term®* is widely used for simulating water,’” we test it for
water adsorption in H-MFI, comparing to our benchmark MP2
structures and MP2+ACC energies, see Section S1.6 of the ESL.{
We find that revPBE+D3 performs much better than PBE+D2 -
both for structures and energies. Thus, it may be worth con-
sidering in future studies on the type of systems considered here.

3.5. Comparison with experiment

Table 4 shows MP2+ACC and PBE+D2 adsorption enthalpies at
298 K, see Section S2.4 of the ESIT for the individual contribu-
tions. They are based on the electronic adsorption energies
shown in Table 3 and include PBE+D2-quality zero-point
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Table 4 Adsorption enthalpies (Hags) at 298 K in kJ mol™ as obtained with PBE+D2 and MP2+ACC for BAS at different framework positions.

Experimental adsorption enthalpies from microcalorimetry3

1 H,O/BAS 2 H,0/BAS 3 H,0/BAS
BAS B L BH BL? LH BHH LHH BHL BLH
T2°¢ PBE+D2 —63 —63 —155 —115 —134 —228 —187 —188 —185
MP2+ACCY —57 —60 —116 —102 —119 —181 —162 —161 —163
T3¢ PBE+D2 —86 —22 —166 —129 — —233 — — —
MP2+ACC? —70 —18 —129 —101 — —178 — — —
T6¢ PBE+D2 —65 —62 —155 —115 —133 —221 —185 —179 —179
MP2+ACC? —61 —57 —116 —109 —120 —178 —156 —151 —158
T7¢ PBE+D2 —87 —64 —168 —132 —120 —235 —184 —196 —179
MP2+ACCY —73 —58 —124 —116 —108 —186 —157 —163 —156
T11¢ PBE+D2 —93 —65 —155 —136 —122 —221 —186 —189 —189
MP2+ACCY —69 —55 —105 —112 —101 —168 —151 —151 —155
T12° PBE+D2 —91 —47 —172 —117 — —243 — —198 —
MP2+ACC? —76 —37 —127 —96 — —191 — —160 —
Min/Max MP2+ACCY —60/—76 —112/-129 —168/—191
Per molecule —60/—76 —56/—65 —56/—64
Exp.’ Integral —70.2 £ 0.5 —148.8 £ 1.4 —209.0 £ 6.2
Per molecule —70.2 + 0.5 —74.4 + 0.7 —69.7 £ 2.1

@ L9™ for T3. ? BLY" for T3. © Al position, see Table 1. ¥ MP2 structure optimization. ° Ref. 3, see Section $4 of the ESI.

vibrational energies and thermal contributions obtained from
vibrational partition functions. We always assume a homoge-
neous distribution of water molecules over the available
adsorption sites, ie. for a global loading of 1 H,O/BAS we
assume that each BAS is occupied with one H,O molecule. In
Section S5 of the ESI}f we show that taking into account
heterogeneous distributions, for example with half of the
BAS unoccupied and half of them occupied with 2 H,0/BAS,
does not change the predicted heats of adsorption.

Fig. 12 compares our MP2+ACC adsorption enthalpies
calculated for BAS in different framework positions with

—_—
| == MP2:(PBE+D2)+ACC (Si/Al=95) |
250 @ Vv Olson (Si/Al=103, 37)
[~ O W Lercher (Si/Al=110, 45) o VT
[ \4
200 |- _' .
T I = o
o] ey
S0} Vo v -
ER, O m® -
% 100 | ¥ -
oY
= - -
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& M 1 M 1 M 1 M
1 2 3

H,0/Al

Fig. 12 Experimental integral heats of adsorption (gags) as reported by Liu,
Lercher and co-workers® (calorimetry, empty symbols) as well as Olson,
Haag, and Borghard*® (isotherms, full symbols). For both, two samples with
different Si/Al ratio are included. MP2+ACC adsorption enthalpies (abso-
lute values) for all six framework positions (red bars). The respective most
stable adsorption motif is chosen, see Table 4.
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calorimetrically measured integral heats of adsorption reported
by Liu, Lercher, and co-workers,” see ESI,T Section S4, as well as
with data derived from isotherm measurements of Olson, Haag,
and Borghard.*® Comparison between theory and experiment is
complicated by the fact that, for a given H-MFI sample, the
distribution of Al and hence the BAS over different framework
positions is largely unknown.*™*

For 1 H,0/BAS, the MP2+ACC predictions for the adsorption
heats at different sites vary over 16 k] mol . For T3, T7, and
T11, the predictions (70, 73, and 69 k] mol ", respectively) agree
with experiment® (70.2 4+ 0.5 k] mol ', see ESL,} Section S4)
within chemical accuracy limits (+4 k] mol ™). For T2 and T,
the predicted heats (60 and 61 kJ mol ™", respectively) are about
10 kJ mol " lower and for T12 (76 k] mol ") 6 k] mol~* higher
than experiment. For loadings <1.5 H,O/BAS, the calorimetric
heats® coincide with the ones derived from isotherms.*®

For 2 and 3 H,0/BAS, the predicted heats (Table 4) are 20 to
37 and 18 to 41 k] mol ™", respectively, lower than the calori-
metric values® of 149 + 1 and 209 + 6 k] mol ", respectively,
see ESI, T Section S4. Per molecule, they are 10 to 18 and 6 to
14 kJ mol ', respectively, lower. Whereas for 1 H,O/BAS we find
good agreement with experiment, for 2 and 3 H,O/BAS the
predicted heats are significantly lower (6 to 18 k] mol ™' per
H,O molecule) than the ones obtained by calorimetry.> Our
predictions are in better agreement with the lower values from
isotherm measurements®® than with the calorimetric values.’
The latter, however, are expected to be potentially more accurate.

One possible reason for that we find good agreement with
experiment for 1 H,O/BAS, but significantly lower heats of
adsorption for 2 and 3 H,O/BAS could be that we did not find
the most stable conformers of the adsorbed water molecules
yet, which is less unlikely for adsorption of more than one
water molecule per BAS. Another possibility is that BAS at other
framework positions which we did not investigate may adsorb
water more strongly. However, this is not very likely as a
PBE+D3 study of methanol adsorption on BAS in all T-site

This journal is © the Owner Societies 2024
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positions shows.”® It identified T12 and T7 as strongest adsorp-
tion sites,’® but found BAS at T10 and T4 which we did not
consider about equally stable.

A more likely reason for our underestimation of the heats of
adsorption for 2 and 3 H,O/BAS is that we have only considered
isolated BAS. We have shown that larger water clusters can
form H-bonds to framework oxygen atoms that are farther away
from the active sites. If in such a position, e.g. across a channel
or ring, another spatially proximate BAS was present, coopera-
tivity between active sites could lead to a more exothermic water
adsorption once a threshold loading is reached. Water adsorp-
tion at two BAS in spatial proximity is beyond the scope of this
study and may be subject of future work.

4. Conclusions

For loading 1 H,O/BAS, the Bronsted-type approach is clearly
favoured for most framework positions, but for some sites (T2,
T6) very similar water adsorption energies are obtained for the
Lewis-type approach. This highlights the relevance of this
approach to BAS, e.g. for dealumination.”®

For 1 H,O/BAS we reach agreement within chemical accu-
racy limits (4 kJ mol™") between our MP2+ACC results for
isolated BAS and experimental heats of adsorption.>*® This shows
that our method yields chemically accurate results and that our
model (ideal, isolated active sites) accurately describes the experi-
mental situation. This makes it possible to add the results for
1 H,O/BAS at T3 (intersection) and T7 (zig-zag channel) sites of H-
MFI to our set of reference data for testing quantum chemical
methods for molecule-surface interactions.'”*”*! For loadings of
2 and 3 H,O/BAS, our MP2+ACC predictions for ideal, isolated BAS
are 6 to 18 k] mol " per H,O molecule lower than the experimental
heats of adsorption.® This calls for a more thorough exploration of
the conformational space using molecular dynamics or global
optimisation methods as well as for the consideration of addi-
tional T-sites and pairs of sites'® in future studies.

Comparison of PBE+D2 results with MP2 structures and
MP2+ACC energies provides further evidence that GGA-level
exchange-correlation functionals in general, and PBE+D2 in
particular, are unable to accurately describe H-bonded systems.
The covalent O-H donor bonds are too much stretched (Fig. 6)
and the degree of deprotonation is too high. The PBE+D2
adsorption energies are too binding and - even more critical
- the error varies strongly between the different T-sites (Fig. 10)
and different types of local minima (Fig. 11). The stability of the
Bronsted-type approach compared to the Lewis-type approach
is overestimated and ionic adsorption structures are overly
stabilised.

This creates a dilemma for global sampling studies.'®'
Millions of points on the potential energy surface need to be
calculated, and, therefore, many studies still rely on force
fields. When DFT is used, GGA-type functionals such as PBE
are the only ones affordable, see ref. 32, 41 and 100, for water—
zeolite interactions. To close this gap, machine learning inter-
atomic potentials (MLIP) hold promise,'*>'*>'® but they
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inherit all the limitations of the functionals on which they
are parameterised. We have shown that GGA-functionals, and
MLIPs parametrised on them, will not be able to reliably
describe water-zeolite interactions, in particular not those
which involve proton transfer. MLIPs based on MP2 data seem
within reach now at least when very efficient periodic MP2
codes are used.'® With the MP2 code®" we have used for the
cluster models, the computational cost per structure optimisa-
tion step is only four times higher for MP2 than for PBE+D2. In
any case, the MP2 structures and MP2+ACC energies presented
here will be useful benchmarks for MLIPs at the MP2 level.
Availability of such MLIPs would also allow to expand the scope
of water-zeolite studies to models that take site-site interac-
tions and site heterogeneity into account. Moreover, the full
range of water loading up to completely filled water pores could
be studied and all this for different framework structures.
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