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ABSTRACT: Water is ubiquitous in zeolite catalysis, and
electronic structure calculations play a crucial role in arriving at
an atomistic understanding of wazeplite interactions. However,
a critical evaluation of the performance ddreint electronic
structure methods in describing the interactions between water and
zeolites is still missing. Here, we model the adsorption of one water
molecule in all-silica chabazite (CHA) and of one and two water
molecules in the acidic zeolite SSZ-13 usiegedt electronic
structure methods, which include 11 density functional th
(DFT)-based methods and two post Hartfeeck (HF)
methods, namely, the random phase approximation (RPA) and
second-order MgllePlesset (MP2) perturbation theory. \Wd

that all DFT functionals lead to similar structures as long as water
is strongly coordinated to the adsorption site, but adsorption energies vary in a range of 50 kJ/mol between the used methoc
Subsequently, we we initiomolecular dynamics calculations to show that all methods reproduce the experimentally observed
hydrophobicity of purely siliceous zeolites. Comparing DFT energetics with RPA and MP2 calculations shows that PBE and revPE
D3 adsorption energies show the best agreement with RPA, whiledBERfrees the best with MP2 results. At the same time,

the performance of PBE functional without any dispersion correction is less consistent with respettasdiption sites

(BAS, LAS, or the zeolite wall of all-silica CHA) and the BERF functional fails to reproduce relative stabilities of the
protonation sites. For the adsorption of two water molecules, most methods agree on the formation of a protonated water dimer, a
only vdW-DF, vdW-DF2, and BEERBW prefer the formation of a neutral complex. Based on these results, we suggest using the
revPBE-D3 functional model water adsorption in purely siliceous or protonated zeolites since it can correctly capture covalent a
dispersion interactions, is computationaltyeat, correctly predicts the formation of a positively charged water dimer, and is able

to closely reproduce adsorption energies calculated at the RPA or MP2 level of theory.

I. INTRODUCTION active sites in the zeolite, as well as the zeolite framework, is

Zeolites are nanoporous, crystalline materials, which are mafrﬂ%”'red- o o _

composed of Si, Al, and O atoms. In their purely siliceous haracterlzatlc_)n of wa‘gzeoht_e interactions has, the_refore,
form, zeolites are relatively inert, but the framework can t&en an area of intense investigation. Water adsorption on the
chemically functionalized by substituting a Si atom for an BAS and formation of protonated water clusters, such as
atom. Since Al has one less valence electron, a local negatixdronium ions, have been studied using many spectroscopic
charge is required to saturate all bonds to the surrounding ©chniques, in particular, Fourier transform infrared (FT-IR)
atoms, which is then compensated by the presence of a catiand NMR spectroscopy.Studies on large zeolite ZSM-5
This cation can be a Brgnsted acid site proton (BAS) or grystals provided detailed insights into the impact of water on
metallic Lewis acid site (LAS)_, and dependmg on the nature e zeolite integrity, which can be simitly impaired at

the charge compensating cation, zeolites have a broad ranggi@fated temperatures due to water-induced zeolite deal-

applications in catalysis, separations, or adsofpite. | minatio® Novel zeolite applications, such as zeolite-
performance of a given zeolite material is closely connected to

the type and chemical environment of the active center. At tiie—.

same time, in many of these processes, water is present, whjgffived: May 14, 2021
also directly impacts catalytic performance. It has been shoflished: September 8, 2021
to directly coordinate to (or solvate) active centers such as

BASs or transition-metal ioresg( Cu), or, given the right

conditions, dealuminate the zeolite fram fdence, a

detailed understanding of the interactions between water and
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catalyzed biomass conversion, involve water formation performance of a variety of functional forms, such as optB88-
require an aqueous environmeéit.these cases, the presence vdW (DFT-vdW in generaij Additionally, vdW-DF has been
of water alters zeolite catalytic activity and stabifityA re ned by Lee et al. (vdW-DFZ)and Wellendoret al. used
dramatic structural collapse of the zeolite framework has bemachine learning-based optimization algorithm to optimize
observed for zeolites in the presence of supercritical watdre exchange term for vdW-DF2, which led to the BERF
however, this phenomenon is still poorly understtod. functionaf® Another computationally less expensive nonlocal
Despite large interest, a detailed understanding of zeolite’dW functional is the VV10 functidRahd its revised version
water interactions from an experimental perspective alof®/V10)3°® These methods are optimized for periodic
remains challenging. Typically, a distribution of active sites abdundary condition calculations and have been shown to
defects is present in a realistic zeolite structure, and all partoofperform earlier approaches in the description of weakly
this distribution will interact dirently with water and lead to bound complexes.
di erent water arrangements. The complexity of this At the same time, understanding the performance of these
distribution and potential water arrangements in many casksctionals in describing the adsorption of small molecules in
renders an unambiguous deconvolution of experimental resuiélites is notoriously diult. This is related to two main
with respect to all possible motifs impossible. factors in comparing experimental and theoretical results: (i)
Due to these limitations, electronic structure calculatiorreliable experimental information, which shows the adsorption
have started to play an ever more important role irstrength of exactly one molecule to one weaikdeactive site,
understanding zeoliteater interactions, in particular, and is di cult to obtain and (i) small molecules adsorbed into
zeolite catalysis in genéfaf.For example, De Wispelaere et zeolite pores retain sigrant amounts of translational
al. used molecular simulations togetherimisituspectros-  entropy, which makes the calculation of free energies of
copy to probe the ect of water on the methanol-to-nle  adsorption, which can be directly compared to experimental
(MTO) process. The authors found that during the reactiorfesults, more dicult.
water molecules compete with methanol molecules for Another way to assess the performance of DFT-based
adsorption on the BASs, which attenuates coke formatiomethods is the comparison to higher-level methods, such as
thus rationalizing improved catalyst performarndecha- the second-order Mglld?lesset perturbation theory (MP2)
nistic insights into water-induced zeolite dealumination haw# the adiabatic-connectianctuation-dissipation-theorem in
been gained from a series of recent density functional thedty random phase approximation (RPAf These post
(DFT) investigation® ?* It has been shown that the water Hartree Fock (HF) methods calculate the correlation energy
attack starts by the adsorption on the Al atom (LAS) and thBy considering occupied and unoccupied orbitals and are
process is catalyzed by multiple water molecules, leadingingrinsically able to capture all local and nonlocal molecule
various reaction pathwg/% zeolite interactiois.RPA and MP2 have been used to study
At the same time, the accurate description of the adsorpti@tkane adsorptiéf;® hydrocarbon conversidiié; the
of small molecules in zeolites using the most commonfonversion of bioma$sMTO reactions; the conversion of
applied electronic structure methods iscut. These  methane to methanol over Fe-oxo sites in z80lited, the
di culties are directly related to the interactions betweestability of dierent Cu sites in zeolif€sin particular, the
molecules and their zeolitic hosts. On the one hand, molecukaculation of adsorption energies of small molecules in zeolite
in con ned spaces can form chemical bonds with adsorptiopSZ-13, the high silica form of zeolite chabazite (CHA), is
sites, which are determined by the local charge densfi§asible at MP2 and RPA levels and the results can be used as
between the adsorption site and molecule. On the other harf@ference values for other electronic structure calcula-
molecules are also exposed to dispersion interactions with tH#s. 439
zeolite framework, which are nonlocal in nature. The most Here, we calculate the adsorption energies of one water
used method in electronic structure calculations, namely, DFffolecule in three dérent adsorption cogurations:
in its general gradient approximation (GGA), is a semilocgidsorption into the cavity of purely silicious chabazite
method, which, in principle, is unable to capture nonlocdCHA) and adsorption to the BAS and to the LAS of the Al
dispersion interactions. atom in the H-form of zeolite SSZ-13. Additionally, we

Signicant eort has been invested to remedy theseinvestigate the adsorption of two water molecules in the H-
Shortcomingsy and, in particu|ar’ two methods have beéﬂrm of zeolite SSZ-13. We use various DFT-based methods
proven to be successful. In one approach, an attractive tWBBE, PBE-D2, PBE-D3, revPBE, revPBE-D3, vdW-DF,
body force eld is added on top of the forces obtained fromoptB88-vdW, vdW-DF2, and BEE&W, rVV10), the hybrid
density functional theory (DFT-D). Several ways to calculafénctional B3LYP-D3, and the post-HF methods MP2 and
the force eld parameters have been suggested, and up urfiPA. We optimize the structures at the DFT level and
today, methods developed by Grimme et al., which are eith&#Psequently report adsorption strengths of water to all
based on average interaction parameters for each eleme@gsible adsorption sites. Finally, we compute temperature-
(DFT-D2)?° or are varied with the bonding environment of dependent adsorption free energies in siliceous zeolite SSZ-13
each atom (DFT-D3¥ are highly popular in theeld. usingab initiomolecular dynamics (AIMD) simulations. We
Empirical coecients have been derived for a large range dhen critically evaluate the performance of the DFT-based
DFT functionals, which include GGA functionals and hybridnethods with respect to RPA and experimental observations
strategy was suggested by Dion et al., who introducedSBeCiC adsorption process.
nonlocal correlation term, which depends on the charge
densities at two points (vdW-DE)Klimeset al. found that Il. METHODS
the performance of vdW-DF is crucially dependent on the Il.I. Zeolite Model. In this study, we investigate the
GGA exchange term included in the functional and tested ttaelsorption of water in the all-silica CHA and in the H-form of
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zeolite SSz-13, which has the chabazite framework. Ttiee XC functional for the cell optimization has only a negligible
rhombohedral unit cell of chabazite consists of 12 symmetiit uence on the results. The relaxed unit cell parameters for
cally equivalent tetrahedral sites (T-sites) occupied by eithertBe all-silica CHA and the H-form of zeolite SSZ-13 model
or Al atoms, each surrounded by four symmetricadhgiol werea=b=c=9.309A, = = =93.92 anda=9.388 A,
oxygen atoms labeled as O1 to"OPhe O1 site is in the b=19.364 Ac=9.342 A, =93.56, =94.01, =94.4%,
four-membered ring (4MR) on the side of the hexagonatorresponding to unit cell volumes 800.78 and 813.85 A
prism, O2 belongs to one 4MR, one 6MR, and one 8MR; Ogespectively.
belongs to two 4MRs and one 6MR; amally, O4 is located A single water molecule can be adsorbed in teenl
between two hexagonal prisfigifre ). The introduction of  |ocations around the active sie, bonded to the BAS (the
proton) or the LAS (the Al atom), as illustrate8d¢heme.1
)

In this work, we have systematically explored the adsorption of
one water molecule on either the BAS or the LAS. We have
studied these adsorption processes for all possible protonation
sites, which results in eightedient structures for acidic SSz-
13. Additionally, we studied adsorption of water in the all-silica
CHA, in which water is physisorbed, as well as the
simultaneous adsorption of two water molecules. In this
context, multiple watereolite complexes have been consid-
ered in the literaturé. Here, we focus on two of these
complexes, namely, the formation of a water dimer interacting
with the acidic proton and a situation where the proton is
donated to the water molecules and a positively cha@éd H
dimer is formedYcheme)l

Il.Il. Computational Details. All structure optimizations
were performed using periodic boundary conditions using the
Gaussian and plane wave methad,implemented in version
6.1 of CP2K softwardwith PBE-GoedeckeFeter Hutter
(GTH) pseudopotentiafé. The target accuracy of the self-
3\ consistent SCF cycle was set td difarge units and the plane

\ wave cutoto 900 Ry, while a relative cutd 50 Ry was used

/ A// \ »/ for the mapping of Gaussaon multigrid levels. All
v " calculations were performed using only{h@nt ink-space.
Figure 1.Framework structure of zeolite SSZ-13 with the chabazite Adsorption energies were computed using the following
(CHA) topology. The unit cell contains 36 atoms of which 12 ar€functionals: PBE, PBE-DZ>>° PBE-D3%°° revPBE?
crystallographically equal T-sites occupied by either Si or Al atorevPBE-D3%°® vdW-DF?* vdW-DF2* optB88-vdW?
surrounded by four dirent oxygen atoms (OD4). Oxygen atoms  BEEF vdW3* rvV103° and B3LYP-D3 *° and compared
are displayed in red, silica atoms in yellow, the aluminum atom Yyainst RPA and MP2 adsorption energies. Following the
pink, and hydrogen in white color. original denition of VV10, the full exchangerrelation
energy in the rvV10 functional has been obtained by

Al induces an electron deency in the framework, which is combining the nonlocal correlation of VV10 with théede
compensated for by the presence of a hydrogen atom bondé@rdew Wang exchange functional (rPW8eand PBE

to a neighboring oxygen atom forming a@@H) Al) BAS. correlatiori? For all calculations, GrimseD3 correction
As an example, the structure of zeolite H-SSZ-13 with a prot#ith zero damping was used. For DFT calculations, the
bonded in the O1 position is showrfigure 1 TZV2P MOLOPT basis set was used, while for MP2 and RPA,

All calculations were carried out using periodic boundamye have used the Rl scheme implemented within CP2K using
conditions for a single primitive unit cell of the CHA zeolitevalence-only correlation consistent-type Gaussian basis sets,
framework, and we relied on lattice constants optimized usingmely, cc-TZVP for Al and Si atoms and cc-QZVP for H and
the PBE functional and a TZV2P basis set. As shdefléis O atoms, with auxiliary RI functions of the same qiialfty.

S1 and S®»f the Supporting Information (SlI), the choice of For computing of the HartreBock exchange in the B3LYP-

Scheme 1. Schematic Representation of Wateolite Complexes upon Water Adsorption on the BAS (the Proton A) or the
LAS (B) and Simultaneous Adsorption of Two Water Molecules on the BAS, Which Can Result in the Formation of Neutral
Water Dimer Adsorbed on the BAS (C) or the Formation of Charge@44Dimer (D)

A B Cc D

1 1
-O. PON
HoyH H O Ho
0 H\Q/H H\Q/H
| ; H
=Si-0,, N =Si-0,, N =Si-0, [ =Si-0,, A
ESi-O’A(O Si= ESi-O;N\"O Si= ESi—O'.Al\’O_Sl: ESi—O'N\’O Si=
? H-g @ 0 o
Si H Si Si Si
1l Il Il 1l
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D3 functional, we used the auxiliary density matrix methoiterature’® Helmholtz free energies of adsorption are
(ADMM)®* with the aug-pFIT3 auxiliary basis sets. Thecalculated as
B3LYP-D3, RPA, and MP2 calculations were performed on top - -
of the geometries optimized using the PBE-D3 functional. The A;éi-r) = AEG ) S AX&J S AXZL( or (3)
dependence of adsorption energies on the input structures was X X
tested for the H-SSZ-13 model and the O1 protonation sitd) ereAﬂZO"Z‘-“(T) a.nd Aeed T) were calcglated from AIMP
for which we have recalculated the adsorption energies usfijculations, whilé\Y,o(T) was obtained from static
structures optimized by all tested functionals. The Coulomérlculations in combination with tabulated values in the
integrals in HF exchange were described using the truncaletST chemistry webbotk(seeSection S4.ih the Sl).
Coulomb operator with a truncation radius equal to 4.5 A
(approximately one-half of the simulation cell). Subsequentlyi. RESULTS
all GGA calculations were subjected to the basis set|||. Structure and Relative Stability of Proton
superposition-error (BSSE) correction using the counterpoiggsitions in H-SSZ-13.First, we examined the relaxed
correction. All convergence tests are summarizedion S2  stryctures of the H-form of zeolite SSZ-13 after performing
and Tables S37 The convergence of the adsorption geometry optimization using efient functionals. In the H-
energies with respect to the basis set is summarizggden  form of SSZ-13, AD(H) and Si O(H) bonds are elongated
S3of the SI. Infables S4 and $bthe SI, BSSE-corrected and W|th respect to the Other KD and S| O bonds_ To better
BSSE-uncorrected adsorption energies for all tested structyiggerstand the dtrences in geometries predicted by various
and functionals are given. The adsorption energies of MP2 afgghctionals, werst compare the AD(H) and Al O bond
RPA calculations were extrapolated to coTpIete basis set lilgjigths. The results are compilethible Sf Section Sl
(CBS) with the cubic interpolation fornal& functionals predict an AD(H) bond length between 1.88

_ NE and 1.94 A. The inclusion of dispersion interactions has a

Bx=K *+A @) negligible eact on the geometry around the active site, and all

- . : : dispersion-inclusive schemes induce a small elongation of the
whereX is the cardinal number of the basis seEandis the ;
energy in the CBS limit, aAdepresents a slope of the linear Al O(H) bond 'by at most 0'.01 A compared to equivalent
t, which is used to obtaly . X-values of 3.0 and 3.7 for approaches without dispersion corrections (PBE, revPBE).

co-TZVP and combined cc-TZVP/ce- ; ost structures are similar for all functionals and protonation
used. The value 3.7 has been chogazrlvﬁaggzlsoﬁeﬁ\ewf%@s’ except for BERFOW and the structure protonated on
between the number of H and O atoms treated on the Cfbg 02 position, where the BAS points toward the zeolite cage
QZzVP level and Si and Al atoms treated on the cc-TZVP levéf19ure
The reliability of this formula has been previouslyraed
for both RPA and MP2 methodologiess well as correlation
consistent Gaussian basis *8¢RP?A and MP2 adsorption
energies computed using both cc-TZVP and cc-TZVP/cc-
QZVP basis sets and their extrapolation to CBS limit are
tabulated iTable S®f the SI. Example inpuées for RI-MP2
and RI-RPA calculations can be found in theeStion S6

To couple our results with experimental observations, we
performab initiomolecular dynamics (AIMD) simulations and
compute temperature-corrected internal and Helmholtz free
energies based on the procedure previously usedtllst Go
al®® A detailed explanation of this approach applied here is
given in the Supporting Informati@ection S4.We focus
on the adsorption of one water molecule in all-silica CHA,
which is closely correlated to the experimentally observed
hydrophobicity. AIMD calculations were performed in the
NVT ensemble at room temperature (298 K), using theFigure 2.0Overlayed relaxed structures of the H-form of zeolite SSZ-
revPBE-D3 functional and the same settings as for static DEF protonated on the O2 oxygen atom using the following
calculations, except that the target accuracy of the sédifactionals: PBE, PBE-DZ>°° PBE-D3**° revPBE, revPBE-
consistent SCF cycle was set t6 @@arge units. The system D3,26526VdW'DF3,1 vdW-DFZ}? optB88-vdW; BEEF vdw;" and
was initially equilibrated for 3 ps, which was followed by a 1V10-" The structures are identical except thel BEEFvdW
ps producion run wih a fime step of 05 fs. Next, wSeTEtY 1L betels & e oneniaor of e BAS fan e
approximated temperature-dependent adsorption energies_Qf ~: . " NS
ofhper methods usiﬁg the corrgction obtainedpfrom AIM% af lodic images of the unit cell repeated in each direction.
the revPBE-D3 level

BEEF-vdW

As a next step, we compare the relative stability between the
UX(T) = EXOK) + yrevres SRS [ "evPEE 3D @) four di erent proton positions with respect to the GGA
exchangecorrelation functional anehd that in most cases

where UY(T) indicates the temperature-dependent internathe variation in relative energy is smaller than 5 kJ/mol, and
energyX refers to the method of interest such as RPA or PBEnly BEEFvdW shows larger dirences (O2Table ).
andE* is the energy obtained from static DFT calculationsNevertheless, this small variation in the relative stability of
Finally, these values were used to estimate Helmholtz frdieerent proton positions leads to changes in their energetic
energies AT). For more details, the reader is referred to theordering. Both the PBE and revPBE functionals predict the
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Table 1. Relative Stabilities (in kJ/mol) for the Four to the previous work of @Hoet al. who examined energy
Di erent Possible Protonation Sites (O04) in Zeolite H- di erences between protonation sites in a similar Manner.
SSZ-13 Computed Using Deérent Functionals and Such dierences could be caused bgrminces in local strain
Methods (RPA and MP2) at the dierent O atoms, as indicated by the variance in Al
il o o8 ol O(H) bond distances and_ t_he ability_ of the zeolite framework
to accommodate the additional strain.
PBE 0.0 2.9 101 9.0 lILIl. Structure of Water Zeolite Complexes. After
revPBE 0.0 2.7 103 8.7 water is adsorbed into the zeolite framework, it can be either
PBE-D2 0.0 2.9 7.6 104 physisorbed in the zeolite pore, interact with a BAS, or bind to
PBE-D3 0.0 2.9 8.2 98 an Al atom. First, we focus on physisorption. Here, the water
revPBE-D3 0.0 27 9.0 93 molecule can interact with the framework of the all-silica CHA
vdw-DF 0.0 4.0 9.1 11.2 via dispersion interactions, which leads taatapotential
vdW-DF2 0.0 4.9 9.6 12.1 energy surface with many degeneratguemationskigure S1
OptB88-vdW 0.0 35 81 110 in the SI shows that each functional predicts eredi
BEEF vdw 0.0 16.0 9.8 113 structure of the adsorbate. We furthermore focus on the
ers\&?j D3 0600 37'55 89'84 1103;85 minimum Si O,, distance to describe the position of water in
MP2 0(') 6'7 94‘1 12‘5 the zeolite pore, a_r]d all 8, values are givenble SQ)f_ _
RPA 0.0 60 8.9 119 the SI. In purely siliceous SSZ-13, the water molecule is in the

middle of the cage with the smallesOgidistances ranging
from 3.32 to 3.71 A, depending on the functional used. The
stability of protonation sites in the decreasing order O1 (th@xception is the structure optimized using the revPBE
most stable) 02 04 O3 (the least stable). The functional, where wend a Si O, distance of 4.41 A, which
inclusion of dispersion interactions at both PBE-D and vdwodicates a weaker attraction of the water molecule to the
DF levels changes relative stabilities compared to the PBE &g@lite walls compared to the other functionals. The addition
revPBE functionals within a margin of 2.5 kJ/mol and maké¥ dispersion interactions at the -D level contracts the
the protonation on the O3 site favorable over the O4 site. IRiNImMum SiO,, by up to 0.71 A (revPBE-D3), with PBE-
agreement with RPA and MP2, dispersion-inclusive ap2 leading to the shortest 8j, distances (3.31 A).

proaches predict the protonation in the O1 position as most Next, we examine water adsorption on the BAS where a
favorable, followed by 02, 03, and O4 positions, with &trong bond is formed between the acid site and the water
maximum energy dirence between the most and least stabl@xygen atom (HO,) and the acidic proton remains attached
protonation sites of 12.1 kJ/mol (VdW-DFable ). The to the framework. Except for BEE&W, the bond is always
exception is the BEE#W functional, which predicts the O2 shortest for the O3 protonation site, and the energy ordering
position to be the least stable (instead of the O4 position). Thef the dierent bond lengths depends on the choice of the
relaxed BEER/dW geometry of O2 is qualitatively very DFT method Table 3. Comparing the optimized structures

di erent from the structures obtained from other functionalgeveals that most functionals lead to a similar structure of all
(seeFigure 2, which is consistent with drences in relative water zeolite complexes and only the revPBE functional leads
stabilities for these sites. The hybrid B3LYP-D3 function#® signicant dierences for the O2 protonation skéy(re
similarly disfavors the O2 protonation site but less thad). The addition of dispersion schemes at PBE-D or vdW-DF
BEEF vdW and does not act energetic ordering of the level does not lead to sigignt changes in the structures
protonation sites. We note that both MP2 and RPA predicfFigure 3. We nd that the choice of functional seems to
guantitatively the same results with a maximwredce in in uence the BAS-proton water bond length more than the
relative stabilities of protonation sites below 1 kJ/mol. Thesaddition of dispersion interactions. The PBE functional leads
results imply that the ect of dispersion corrections on the to the shortest distances between water and the Brgnsted acid
stability of the Bragnsted acid proton is small, butnde  proton (H--O, = 1.32 1.46 A), and the addition of -D

di erences in the ordering of the protonation sites comparetispersion corrections induces a further contraction of the H

Table 2. Relaxed Geometries of Water Adsorbed on a BAS in Zeolite SSZ-13 for All Four Protonation Si@4){01

o1 02 03 04
H---O, H O H--O, H O H--O,, H O H--O,, H O
PBE 1.46 1.06 1.46 1.07 1.32 1.13 1.45 1.07
revPBE 151 1.04 1.50 1.05 1.45 1.07 151 1.05
PBE-D2 1.46 1.06 1.45 1.08 1.27 1.16 1.45 1.07
PBE-D3 1.47 1.05 1.46 1.07 1.29 1.15 1.46 1.07
revPBE-D3 1.51 1.04 1.55 1.04 1.45 1.07 1.53 1.05
vdW-DF 1.59 1.02 1.66 101 157 1.03 161 1.03
vdW-DF2 1.60 1.02 1.64 1.02 1.56 1.03 1.61 1.03
optB88-vdW 1.50 1.04 1.50 1.06 1.38 1.10 1.49 1.06
BEEF vdwW 1.54 1.02 1.62 1.02 1.55 1.03 1.67 1.01
rvv10o 151 1.04 1.50 1.06 1.39 1.09 1.49 1.06

#To characterize the geometries, two characteristic distances were used, nan@Jyhydeoklen bond length and the distance between the
BAS and the protonation site (B). The distances are given in A.
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for all four protonation sites (O04). All methods predict
rtructurally similar geometries except the revPBE functional for
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frection.

Figure 3.Visual representation of relaxed wagmlite complexes
after water adsorption on the BAS in zeolite SSZ-13 for all fo
protonation sites (0104). All methods predict structurally similar
geometries except the revPBE functional for adsorption on the
site. The color code correspond$itgure 1 Beige lines represent
periodic images of the unit cell repeated in each direction.

shortest SiO,, distances in the range between 3.14 and 4.03 A
(Table SR The large variation is indicative of the signi
O,, bond of up to 0.05 A. Interestingly, the opposietg.e, di erences in the bonding mechanism and with it of stable
an elongation of the BAS-proton water bond, is observed whadsorption geometries for this adsorption process.
applying -D dispersion corrections to the revPBE functional. AFinally, we studied the simultaneous adsorption of two water
similar picture is shown for distances between the watarolecules to the BAS located in the O1 position, which lead to
molecule and Si atoms, where the shorteSt, Slistances fall  two di erent structures: (i) the formation of neutral complex
within the range of 3.48.76 A and the addition of the vdW with a water dimer adsorbed on the Biae formation of a
correction does not induce a change greater than 0.07 Wydrogen bond and (ii) the transfer of the acidic proton from
(Table Sy the zeolite to the water molecule and the formation4a.4 H
In the next step, we investigate the direct adsorption abn (seeFigure ). Interestingly, at the PBE level (including
water on the Al atom in ttaatiposition to the BAS.¢, on PBE-D2 and PBE-D3), only thedd" ion is stable, and we
the LAS). Since direct interactions between water and the ébuld not identify a stable geometry for the neutral complex.
atom can change the bond lengths between Al and the oth®table geometries for both adsorption complexes were found
framework atoni§7? we describe the adsorption complex byfor all other functionals. Similardings have been observed
two bonds, namely, the &, and Al O¢H) distances. The by Vener et al., who only observed the formation of the neutral
adsorption complexes are shovigore 4and the numerical  complex using the BLYP functional but not using’ R&E.
values are summarized @ble 3 We nd that in most cases speculate that the reason whyemint functionals show
water directly binds to the Al atom and theD}y)distance lies  di erent structures for an adsorbed water dimer and in some
between 2.05 and 2.28 A. cases do not stabilize specstructures at all is due to
Here, the AIO{(H) bonds are also elongated by about di erences in how these methods describe the proton-
0.18 0.28 A. In most cases, the addition of dispersioframework and proton-H bond. If the proton-framework
corrections at any level has only a negligielet en the bond is predicted to be stronger, a neutral dimer will be
structure of the adsorbed water molecule. However, for soffemed; if the proton water bond is stronger,GHon will
functionals and for the BAS (the proton) located in the O2 obe preferred. In both neutral and charged complexes, the
04 position, AlO,, distances are larger than 2.5 A and thedimers are formed by forming a hydrogen bond between the
Al O4H) distances are almost unchanged. This indicates thawo water molecules. We describe these complexes using three
water cannot form a chemical bond with the Al atom and ibond lengths (segcheme Sih the Supporting Information),
only physisorbed. This is most pronounced for the revPBE andmely, the distance between the framework oxygen atom and
BAS position O4, where we could mat a stable minimum  the proton (H(BAS) Oy), the distance between the proton
for water close to the Al atofigure 4. We have excluded and the nearest water oxygen atom (H(BAS)), and the
this geometry from further analysis. Furthermoreydvine distances between the H atom in water molecule 1 and the O
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Table 3. Relaxed Geometries of the Water Molecule Adsorbed on the LAS (the Al Atom) in Zeolite SSZ-13 for All Four

Protonation Sites (0104)2

PBE

revPBE
PBE-D2
PBE-D3
RevPBE-D3
VdW-DF
VdW-DF2
opt88B-vdW
BEEF vdW
rvvi0o

o1 02 03 04

Al O, Al Of(H) Al O, Al O¢(H) Al O, Al O¢(H) Al O, Al O¢H)
2.05 2.16 2.22 2.05 2.12 2.12 2.26 191
2.09 2.19 3.95 191 2.15 2.17 b 1.86
2.06 2.15 2.21 2.05 2.11 2.11 2.28 1.91
2.05 2.16 2.23 2.05 2.10 211 2.28 191
2.09 2.19 3.54 1.91 2.14 2.15 4.01 1.89
2.12 2.20 3.42 191 2.18 2.17 3.74 1.88
211 2.18 3.14 1.92 2.17 2.15 3.74 1.88
2.06 2.15 2.27 2.03 2.10 211 2.97 1.88
2.07 2.18 3.03 1.92 2.17 2.14 2.56 1.90
2.06 2.16 2.28 2.03 2.10 2.12 231 1.90

3Al O, and Al O(H) distances were used to characterize the structure ofli&@aomplexes. The distances are giverPiWeéicould not
nd a stable adsorption geometry for this functional.

Figure 5.Visual representation of relaxed geometries of two water molecules adsorbed on the BAS bound to the O1 atom in zeolite SSZ-1

stable geometries were idexdj namely, the formation of a neutral complex in which a water dimer is bound teitttey@agen bond (left)
and the formation of a;B," ion (right). The neutral complex is not stable for PBE-based appreaées, PBE-D2, and PBE-D3. Beige lines
represent periodic images of the unit cell repeated in each direction.

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

PBE
revPBE
PBE-D2
PBE-D3
RevPBE-D3
Vdw-DF
VdwW-DF2
opt88B-vdW
BEEF vdW
rvvio

neutral complex 40," ion

H(BAS) O H(BAS) O,1 H(Ow) Ouo Al OfH) H(BAS) O H(BAS) O,1 H(Ow1) Ouwz Al Of(H)

1.44 1.07 1.48 1.80
1.08 1.41 1.77 1.87 1.39 1.09 1.55 1.81

1.48 1.06 1.46 1.80

1.44 1.07 1.47 1.80
1.09 1.40 1.75 1.87 1.41 1.08 1.53 1.81
1.04 1.65 1.88 1.88 1.40 1.10 1.61 1.81
1.04 1.56 1.83 1.88 1.48 1.07 1.50 1.81
1.11 1.36 1.69 1.85 1.45 1.07 1.50 1.80
1.03 1.54 1.88 1.88 1.48 1.06 1.58 1.81
1.11 1.36 1.69 1.86 1.48 1.06 1.50 1.80

#Two stable structures were idezdti formation of neutral water dimer interacting with the@iBAgIrogen bond and formation of 0kt ion.
Structures were characterized using distances, which are schematically v@&sdireddfhe distances are given in A,

atom of water molecule 2 (H(@® O,,. All distances are

protonation sites in an empty zeolite SSZ-13 than dispersion-

reported inTable 4 We nd that for the neutral complex, the corrected methods. All DFT methods predict a similar
proton is always closer to the framework O atom than to thetructure and bond lengths of an empty zeolite, except

water molecule, with the shortest H(BA%)bond lengths

BEEF vdW, which favors a drent orientation (and relative

for BEEF vdW, vdW-DF, and vdW-DF2 and the longest bondstability) of the protonation site on the O2 position. Moreover,
lengths for optB88b-vdW and rvVV10. Reverse trends are fouwe nd that all DFT approaches predict quantitatively similar

for H(BAS) O, bond lengths. For the;8," ion, the proton
is placed closer to the water molecule and theg,H(O,,

structures if both the BAS and the LAS are well accessible and
a strong, either hydrogen (BAS) or donative covalent (LAS),

distance is contracted. At the same time, transfer of the protbnnd is formed between water and the zeolite structure. The
PBE functional predicts the shortest binding distances that are
una ected by the addition of -D-type dispersion corrections.

to the water dimer leads to a contraction of theO44H)

bond from 1.851.88 to 1.801.81 A.

Summarizing, wend that dispersion-free DFT approachesThe revPBE-based approaches predict the longest binding
(PBE and revPBE) predict dient relative stabilities of the distances indicating the weakest bonding. Additionally, the
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revPBE optimization leads to structures that can be vewariations in binding energy. At the revPBE level, there is
di erent from all other methods and strongly disfavors thalmost no interaction between the zeolite and viatgr(
adsorption of water on the Al atom for certain locations of the 2.84 kJ/mol) as indicated by the large value of the shortest
BAS proton (02 and O4) that are not well accessible. Th&i O, distance Table SR Moderate binding is predicted by
addition of vdW dispersion correctiorects the geometry of the PBE functionaE{ys= 11.04 kJ/mol). After the addition
water zeolite revPBE complexes and leads to qualitativebf vdW corrections, the adsorption becomes more exothermic
di erent structures from when they are omitted. The bonavith E,4cbetween 16.27 and 35.66 kJ/mol, depending on
length of relaxed structures predicted by B&BW, optB88-  the method used. This is to be expected as water in the
vdW, and rvV10 functionals lies between these two extrem&Bceous form of SSZ-13 is located in the middle of the zeolite
but more closely resemble PBE-based structures. Thage with the nearest framework atoms at a distance of about
adsorption of two water molecules to the BAS leads to tt&5 A from the zeolite walls and GGA functionals do not take
formation of either a neutral water dimer bondada attractive dispersion interactions into account. The optB88-
hydrogen bond to the BAS or to the formation of&,Hon, vdW functional predicts very strong adsorption wiy,gof

in which a proton is transferred to the water molecule. For35.66 kJ/mol, while revPBE-D3 predicts the weakest binding
most methods, both structures are a local minimum, but f¢E,4s= 16.27 kJ/mol). Interestingly, PBE-D2, PBE-D3, and
PBE-based approaches, only t@,Hon is stable. vdW-DF predict a similar adsorption with binding energies of

I, Water Adsorption Energies from DFTTogether 30 kJ/mol.
with the geometrical data of the adsorption complexes, weThe binding energy of water to the BAS varies between
have analyzed binding strengths calculated usergnti 49.15 and 99.61 kJ/mol depending on both the
functionals. The data are summariz&igime GandTable 5 protonation site and the DFT method. All methods predict a
preferential adsorption of water to the BAS in the O1 position.
Water adsorption is the least favorable to the O2 site and is on
average about 20 kJ/mol weaker than to the O1 site. Trends
for water adsorbed to the BAS in the O3 and O4 position
follow water adsorption to the O1 position and, depending on
the used functional, either adsorption to the O3 BAS or the O4
BAS is slightly stronger. RevPBE leads to weakest adsorption
with E4s between 49.15 and 56.35 kJ/mol for all four
protonation sites.

The dispersion-corrected methods make the adsorption
always more exothermic with an average increment in the
adsorption energy 0f18.09 kJ/mol (revPBE-D3) up to

23.45 kJ/mol (vdW-DF). We note that the adsorption
Figure 6.Adsorption energies for one water molecule in zeolite SS2Nnergies of water on the O2 position using the revPBE
13 calculated at dirent levels of theory. Data are reported for waterfunctional have been omitted from this analysis due to the
adsorption to purely siliceous zeolite (green), water adsorption tosigni cant structural derences between the geometries. The
BAS in the 0104 position (dark to light shades of blue), and water gverage adsorption energies increase in the order: revPBE
adsorption to the LAS with the BAS in the O4 position (dark red revPBE-D3 BEEF vdW PBE vdW-DE vdW-DE2
to yellow). Horizontal bars correspond to RPA calculated energies. optB88-vdW rVv10 PBE-D3 and PBE-D2, with the

latest one being the most binding. The average adsorption
First, water adsorption in purely siliceous CHA was studiednergies, as well as individual adsorption energies, are
Depending on the chosen DFT approach, mek large summarized ifable 5

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

Si + HO BAS + HO LAS + HO
o1 02 03 04 aver. o1 02 03 04 aver.
PBE 11.04 78.62 56.21 76.19 74.15 71.29 4453 19.79 35.52 15.88 28.93
revPBE 2.84 56.35 55.06 49.15 53.74 53.85 21.24 7.92 17.29 a 15.49
PBE-D2 29.27 99.61 81.23 99.35 94.10 93.57 64.83 45.54 53.34 35.40 49.78
PBE-D3 28.49 97.45 75.83 94.40 91.57 89.81 61.34 38.80 50.09 33.00 45.81
revPBE-D3 16.27 75.39 53.54 67.44 70.68 66.76 37.97 22.82 31.23 23.72 28.94
vdW-DF 31.60 82.47 60.33 70.35 76.76 72.48 45.01 37.05 37.90 35.74 38.93
vdW-DF2 29.57 85.81 59.99 75.20 79.10 75.02 46.55 34.85 37.67 34.11 38.30
optB88-vdwW 35.66 97.63 75.30 92.41 91.14 89.12 63.72 43.61 53.34 39.67 50.08
BEEF vdW 20.87 75.98 61.42 66.20 72.13 68.94 40.23 37.39 34.47 17.70 32.45
rvvi10 33.24 98.15 76.90 95.17 91.87 90.52 64.77 43.88 53.48 37.79 49.98
B3LYP-D3 29.40 91.76 69.22 84.90 85.80 82.92 53.62 33.61 44.71 28.34 40.07
MP2 22.26 79.11 57.80 76.89 74.69 72.13 53.27 29.93 42.53 27.60 38.33
RPA 15.67 72.10 50.39 66.88 67.62 64.25 48.72 25.56 39.09 23.87 34.31

AWe could not nd a stable adsorption geometry for this functional.
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The adsorption of water on the LAS is always lesselected DFT methods. Results are summariZedblan S7
exothermic than adsorption on the BAS. All methods preditising RPA, wend average adsorption energies for water
a similar trend,e, that the adsorption is strongest to the LASadsorption to the BAS 0f72.81 kJ/mol and the choice of
with the BAS in the O1 position, followed by the O3, O2, andnput structure only has a marginace on the observed
04 positions. The two functionals that do not follow this trendralues £0.84 kJ/mol). Wend a similar behavior for water
are BEEFvdW, where relative stabilities for the BAS in theadsorption on the LAS with a computed adsorption energy of
02 and O3 positions are switched, and revPBE-D3, wherel8.44+ 0.91 kJ/mol. These results indicate that the obtained
relative stabilities for the BAS in the O2 and O4 positions aresults are rather independent of the functional choice for
switched. We nd the weakest adsorption for the revPBEstructure optimization, and we have further limited the
functional withE,gs = 15.49 kJ/mol, followed by PBE computation of the adsorption energies to PBE-D3 structures
revPBE-D3 BEEF vdW vdW-DF vdW-DF2 PBE- only.

D3 PBE-D2 rVV10 and the optB88-vdW functional. The adsorption energies of one water molecule from RPA
Comparing adsorption to the LAS and the BAS reveals that taed MP2 calculations for both the siliceous CHA and H-form
trends for changes in the adsorption strength betwesmtli  of zeolite SSZ-13 are showiriigure §and numerical values
functionals are similar and also the variation in adsorpticare summarizedirable 5We nd that on average MP2 binds
strengths between the elient adsorption sites. water about 6.02 kJ/mol stronger than RPA. Téw s more

Two distinct stable adsorption complexes can be formgutonounced for water binding to the BAS, for which MP2
upon coordination of two water molecules to the BAS: eitherpredicts about 7.88 kJ/mol stronger adsorption, while for water
neutral water dimer or a®," ion. The adsorption energies binding to the LAS, the dirence is only about 4.02 kJ/mol.
are tabulated infable 6 The corresponding adsorption Average RPA adsorption energies &&67, 64.25, and
34.31 kJ/mol for the adsorption in the siliceous CHA and on
Table 6. Tabulated Adsorption Energies for the Adsorption the BAS and the LAS in H-SSZ-13, respectively. The average
of Two Water Molecules on the BAS Bound to the O1 Atom MP2 adsorption energies a&?2.26 kJ/mol (siliceous CHA),

in Zeolite SSZ-13 72.13 kd/mol (BAS), and38.33 kJ/mol (LAS). Both RPA
. and MP2 predict a favorable water adsorption in siliceous
] CREEs - i [ CHA, with RPA being less hydrophilic. RPA adsorption of
PBE ° 131.19 water on the BAS is about 29.94 kJ/mol more exothermic than
revPBE 85.75 87.21 on the LAS, which is the lowest energgrdice out of all
PBE-D2 ° 167.69 methods. The MP2 energyatience is 33.79 kJ/mol, which is
PBE-D3 ° 164.27 similar to the smallest energyedénce obtained from DFT-
revPBE-D3 118.31 119.68 based methods (vdW-DF). Adsorption energies obtained using
vdW-DF 132.03 124.59 the hybrid functional B3LYP-D3 are qualitativelgreit.
vdW-DF2 133.35 128.81 Average B3LYP-D3 adsorption energies arecaighji more
optB88-vdwW 156.56 161.83 exothermic with 32.41, 82.92, and 40.07 kJ/mol for the
BEEF vdW 119.30 109.92 adsorption in the siliceous CHA and on the BAS and the LAS
rvv1o 157.23 165.03 in H-SSZ-13, respectively. Additionally, B3LYP-D3 strongly
B3LYP-D3 135.35 144.08 favors water coordination to the BAS, and water adsorption to
MP2 111.28 128.08 the LAS is only about 8 kJ/mol more exothermic than water
RPA 106.79 11261 adsorption in hydrophobic siliceous CHA. The results are

AVe could not nd a stable adsorption geometry for this functional.summarized iMables 5and S6 of the SI where also the
PThe adsorption energies were computed using revPBE-Dgiginal (non-CBS adsorption) energies are tabulated.
structures. All three methods indicate the strongest water adsorption in
a zeolite with a proton binding to the O1 position, irrespective
energies vary betweed5.75 kJ/mol (revPBE) andL67.69 of the studie_d binding site. According to RPA and B3LYP_-D3,
kJ/mol (PBE-D2) depending on the functional used. Despiti!€ adsorption energy of water on the BAS decreases in the
the large energy span, the adsorption for two moleculesQider 01 04 03 02, while MP2 favors the water
always weaker than two times the adsorption of one wat@fisorption on the BAS on the O3 site over the O4 site. All
molecule to the BAS but stronger than the adsorption of twifée methods predict an identical order of adsorption
water molecules to the LAS. Only the nonlocal vdw-DF, vdwgirengths on the LAS with respect to the BAS, namely, O1
DF2, and BEER/dW favor the formation of a neutral water O3 02 and O4, with the latter one being the least

dimer by up to 10 kd/mol, while all other methods predict th&xothermic. _
H<O," ion as a more stable complex. According to PBE-basedRPA and MP2, as well as B3LYP-D3, favor the formation of

methods, the neutral complex is never stable. a HO," ion over the formation of a neutral water dimer. The

Inclusive Methods. AlthoughpostHF methods, such as RPA MP2 and then RPA.

or MP2, and hybrid functionals, such as B3LYP-D3, provide

more accurate data, for periodic systems, they are typica{Mr DISCUSSION

applied on top of the geometries optimized at the DFT levét is encouraging to see that all methods agree that water
due to their high computational ¢6Sf We explored the adsorption in purely siliceous zeolite CHA is weakest and
impact of input structures for RPA by comparing adsorptiowater adsorption to the BAS is strongest. At the same time, the
strengths of one water molecule to the BAS or the LAS. Hemelative stability of water upon the adsorption on the BAS or
we focused on the proton located in the Ol position andhe LAS shows a sigcant variation between the afient
compared adsorption strengths for structures optimized usifigictionals. In particular, revPBE predicts vesyedi trends
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Figure 7.Comparison of DFT-computed adsorption energies of one water molecule in siliceous CHA and in the zeolite H-SSZ-13 with RPA
results. (A) Mean errors (MEs) of water adsorption in siliceous CHA (green bars) to the BAS (the proton, violet bars) and the LAS (the Al atom,
beige bars) in H-SSZ-13 computed atrdnt levels of theory with respect to RPA calculations. Negative values mean that the method is
overbinding compared to RPA, while positive values indicate that the functional is underbinding compared to the reference. Panels (B) and (C
compare individual values for a water molecule adsorbed either on the BAS (the proton, B) or on the LAS (the Al atomer&)t Four di
protonation sites are possible, creating a set of fererdistructures for each adsorption typeSseion I1).

compared to the other functionals, which indicates that thisow well dierent functionals can reproduce experimental
functional, which always shows the weakest adsorptiobservations. It is well known that purely siliceous zeolites are
strengths, describes the adsorption processes qualitativgtdrophobic at room temperature and do not adsorb water
di erent. Interestingly, the increase in adsorption strengtiolecules under ambient conditions. To probe which of the
after the addition of dispersion corrections is of a similar ordenethods correctly reproduces this behavior, we calculated the
of magnitude for the adsorption of water in all three possibldelmholtz free energies of adsorption of waigfT)) in all-
situationsi.e, on the siliceous form of CHA, on the BAS (the silica CHA usingb initiomolecular dynamics simulations at
proton), or the LAS (the Al atom) of its H-form of zeolite the revPBE-D3 level and use the results to extrapolate the
SSz-13 for each functional, as well as for both -D type @f4{T) values for the other functionals.AQl{ T) values are
approaches and nonlocal vdW schemes. This agrees with shenmarized ifrigure S2 and Table SitDthe SI. Indeed,
hypothesis that the potential energy surface resulting frofy{T) values are weakened by about 64 kJ/mol compared to
dispersion interactions between water and the zeolite frantgz, and all Helmholtz free energies of adsorption are positive
work is at and does not depend on the exactgroation of (seeFigure Sihh the SI). PositivA,4{ T) values correspond to
the molecule. When studying the adsorption of two watdrydrophobicity, which agrees well with experimental observa-
molecules, wend that most methods agree that the donationtions.
of the proton from the framework to the water dimer is While this qualitative agreement with experimental measure-
favored, and only vdW-DF, vdW-DF2, and BB/ do not ments for purely siliceous zeolite SSZ-13 is encouraging, we
follow this trend. furthermore want to understand how well theerent
Beyond a qualitative assessment of the performance of thethods can quantitatively describe water adsorption in zeolite
di erent methods, another important aspect is to understar®5Z-13 with anite Si/Al ratio. However, to the best of our
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knowledge, no experimental data for the adsorption of owéith an average error 0f0.2 kJ/mol. However, PBE
water molecule per Al atom for zeolite SSZ-13 miiehSi/Al overestimates the bond strength of water to the Brgnsted
ratio are available. proton, while it underestimates the bonding to the zeolite
A very common strategy to assess the performance fohmework and the LAS. This indicates that PBE overestimates
di erent DFT methods, when the experimental data are nthe H O, bond, while, by construction, it cannot capture
available, is to compare them to higher-level methods, suchdéspersion interactions doaiing the other adsorption
MP2 or RPA calculations, or eventually hybrid functionals suphocesses accurately. Hesve the addition of the -D
as B3LYP-D3. Previous results for the adsorption of alkanesliapersion forceeld leads to a sigeant overestimation of
zeolites indicate that, in particular, RPA seems to show gotitt adsorption processes. The combination of the weakly
agreement with experimental measureffiehist the same  binding revPBE functional with the -D3 forelel seems to
time, it cannot be excluded that MP2 describes the adsorptitead to a favorable description of adsorption with an average
of water molecules in the protonated form of zeolites“Better.deviation of 1.2 kJ/mol from RPA (single water molecule)
For the remainder of the discussion, we will therefore companesults. At the same time, BEHRV leads to best agreement
all DFT results to RPA values as showigimes and8 and with MP2 (se&ection Sbf the Sl) but deviates from all other
give a comparison of DFT results with MF2dnres S3 and models when predicting relative stabilities of the four
S4of the SI. protonation sitesT@ble ). We observe energeticatences
of at least 10 kJ/mol for the adsorption of two water molecules,
and again revPBE-D3 and BE&RV show best agreement
with RPA and MP2 results. Based on this analysis, we
recommend using the revPBE-D3 functional to model the
adsorption of kD in zeolite SSZ-13 since (i) it can
qualitatively correctly capture theedint contributions to
the water adsorption, namely, covalent interactions with the
adsorption site and dispersion interactions with the zeolite; (ii)
is computationally eient; (iii) reproduces the adsorption
energies of water calculated at RPA and MP2 levels of theory
most closely; and (iv) correctly predicts the preference of a
HsO," ion for the adsorption of two water molecules.
Figure 8.Energy dierence for all methods with respect to RPA for
the adsorption of two water molecules in H-SSZ-13 with the acid'g_ CONCLUSIONS

proton in the O1 position with RPA results. For PBE, PBE-D2, an ] i ] ) )
PBE-D3, no stable structure for the neutral water dimer has be&¥e have investigated the adsorption of water in zeolite SSZ-13

found, and thus for these functionals, the comparison with RPA issing 10 DFT functionals, 1 hybrid functional, and 2 post
made for the kD," ion only. Hartree Fock (HF) methods. We studied four edent
adsorption processes, namely, adsorption of water in purely
Using this strategy, wed that multiple methods (PBE, siliceous CHA, adsorption of water to a Brgnsted acid site
revPBE-D3, BEERAW, MP2) exist, which describe all (BAS), water adsorption to a Lewis acid site (LAS), and the
adsorption processes with an error of less than 10 kJ/m@fisorption of two water molecules. We found that all methods
with respect to the RPA adsorption energies. The revPEEedict structural_ly similar results if the water is sf[rongly bound
functional, on the other hand, is a method that signly to a well-accessible BAS or LAS. However, their performance
underbinds water for all three adsorption processes, while #i¥erges for weak adsorption in siliceous zeolite or on a
remaining methods (PBE-D2, PBE-D3, vdW-DF, vdw-DF3terically hindered active site. Adsorption energies show a
optB88-vdW, rVV10) overestimate the adsorption strengtfigni cant variation of about 50 kJ/mol between thereint
While PBE-D2, PBE-D3,0ptB88-vdW, and rVV10 overestimdténctionals, but the explicit calculation of Helmholtz free
the adsorption strength for all adsorption processes, vdw-BRergies of adsorption using AIMD calculations shows that all
and vdW-DF2 show good agreement with RPA adsorptionethods qualitatively predict the experimentally observed
energies for the LAS site. B3LYP-D3 does not provideydrophobicity of purely siliceous zeolite SSZ-13. When
qualitatively better results than computationally cheap&emparing results from DFT calculations with the more
GGA methods and is strongly overbinding for watefccurate, post-HF methods RPA and MP2ndighat best
adsorption on the BAS and in siliceous CHA. Using th@greement is found between PBE, revPBE-D3 and RPA, and
B3LYP functional without any dispersion corrections migfBEEF vdW and MP2. It is encouraging to see that the
provide better results. computationally very eient revPBE-D3 functional can
The situation is very dirent for the adsorption of two reproduce RPA or MP2 results within 5 kJ/mol, irrespective
water molecules on the BAS. PBE-based methods always f@fothe adsorption site. The PBE functional without any
the formation of a ¥D," ion, and thus comparison with RPA dispersion correction predicts similar adsorption energies, but,
data for the neutral complex is not possible. The bindingompared to the revPBE-D3 and the BEHEW approaches,
energies of both complexes are predicted with the smalléist performance is less consistent with respect drerti
error for revPBE-D3 followed by BE®&W with an error of  adsorption sites (BAS, LAS, or a zeolite wall of siliceous SSZ-
smaller than 13 kJ/mol. The most overbinding methods ar&3). The BEEFvdW functional reproduces the adsorption
PBE-D2, PBE-D3, optB88-vdW, and rVV10 with an error of energies well but fails to reproduce relative stabilities of the
50 kJ/mol. protonation sites and it fails to correctly predict the formation
For the adsorption of one water molecule, the besof a HO," ion for the adsorption of two water molecules.
agreement with RPA data on average is obtained using PB&sed on these considerations, we recommend using the

20271 https://doi.org/10.1021/acs.jpcc.1c04270
J. Phys. Chem. ZD21, 125, 2026120274


https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04270/suppl_file/jp1c04270_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04270/suppl_file/jp1c04270_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04270/suppl_file/jp1c04270_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04270?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04270?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04270?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04270?fig=fig8&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC

revPBE-D3 functional to model the adsorption of water(2) Li, Y.; Li, L.; Yu, J. Applications of Zeolites in Sustainable

molecules in purely siliceous or protonated zeolite SSZ-13.ChemistryChenR017 3, 928 949. _
(3) Vener, M. V.; Rozanska, X.; Sauer, J. Protonation of Water

ASSOCIATED CONTENT Clusters in the Cavities of Acidic ZeolitesO)H H-chabazite, n =
. _ : 1 4.Phys. Chem. Chem. F29@9 11, 1702 1712.

Supporting Information (4) Goltl, F.; Love, A. M.; Hermans, I. Developing a Thermody-
The Supporting Information is available free of charge aamic Model for the Interactions between Water and Cu in the
https://pubs.acs.org/doi/10.1021/acs.jpcc.1cQ4270 Zeolite SSZ-13. Phys. Chem2@17, 121, 6160 6169.

. . . (5) Heard, C.; Grajciar, L.; Uhlik, F.; Shamzhy, M.; Opanasenko,
;fjrrlllétigigls?atﬁern iﬁ:e;Sctcgflcbuellz?:dsel:S;E@é?nésﬁgz erroM.; Cejka, J.; Nachtigall, P. Zeolite (In)stability under Aqueous or
’ P perp Steaming Conditionadv. Mater202q 32, No. 2003264

and geometries used for HF-inclusive calculations, thesy gordiga, S.; Regli, L.; Lamberti, C.; Zecchina, A.; Bjgrgen, M.:
structure of zeolitavater adsorption complexes, details jiierud, K. P. FTIR Adsorption Studies gDHnd CHOH in the
about the calculation of the internal energy andsostructural H-SSZ-13 and H-SAPO-34: Formation of H-Bonded
Helmholtz free energy from AIMD, comparison ofAdducts and Protonated Clustér®hys. Chem2®05 109 7724
adsorption energies to MP2, and computational input732.

les for RPA and MP2 calculations (7) Wang, M.; Jaegers, N. R.; Lee, M.-S.; Wan, C.; Hu, J. Z.; Shi, H.;
(PDP Mei, D.; Burton, S. D.; Camaioni, D. M.; Gutiérrez, O. Y.; et al.
Genesis and Stability of Hydronium lons in Zeolite Chahn&ta.
Structural les ¢IP) Chem. So2019 141, 3444 3455,
(8) Perea, D. E.; Arslan, |.; Liu, J.; Ristapgyiiovarik, L.; Arey,
AUTHOR INFORMATION B. W._; Lercher, J. A.; Bare,_S. R.; Weckhuyse_n_, B. M Dete_rminin_g the
. Location and Nearest Neighbours of Aluminium in Zeolites with
Corresponding Author Atom Probe Tomographyat. Commur2015 6, No. 7589.

Florian Goltl  Department of Biosystems Engineering,  (9) Karwacki, L.; de Winter, D. A. M.; Aramburo, L. R.; Lebbink, M.
University of Arizona, Tucson, Arizona 85721, United N.; Post, J. A.; Drury, M. R.; Weckhuysen, M. Architecture-

Statesj» orcid.org/0000-0002-7217-0450 Dependent Distribution of Mesopores in Steamed Zeolite Crystals
Email:fgoelti@arizona.edu as Visualized by FIB-SEM Tomograghgew. Chem., Int. Zail 1,
50 1294 1298.
Authors (10) Stanciakova, K.; Weckhuysen, B. M. Weaxdtve site

Katarina Stanciakovalnorganic Chemistry and Catalysis interactions in zeolites and their relevance in cafblgsids Chem.
Group, Debye Institute for Nanomaterials Science, Utre2}#l 3, 456 468.

University, 3584 CG Utrecht, The Netherlands (11) Zhang, L.; Chen, K.; Chen, B.; White, J. L.; Resasco, D. E.
Jaap N. Louwen Albemarle Catalysts Company BV, 1027Factors that Determine Zeolite Stability in Hot Liquid Watém.
AB Amsterdam, The Netherlands Chem. Sa2015 137 11810 11819.

. . . (12) Eckstein, S.; Hintermeier, P. H.; Zhao, R.; Barath, E.; Shi, H.;
Bert M. Weckhuysen Inorganic Chemistry and Catalysis Liy, Y.; Lercher, J. A. Influence of Hydronium lons in Zeolites on

Group, Debye Institute for Nanomaterials Science, Utreg, tionAngew. Chem., Int. 019 58 3450 3455,

University, 3584 CG Utrecht, The Netherlands; (13) Mei, D.; Lercher, J. A. Mechanistic Insights into Aqueous Phase
orcid.org/0000-0001-5245-1426 Propanol Dehydration in H-ZSM-5 ZeoltChE J2017 63, 172
Rosa E. Bulo Inorganic Chemistry and Catalysis Group, 184.
Debye Institute for Nanomaterials Science, Utrecht (14) Gounder, R. Hydrophobic Microporous and Mesoporous
University, 3584 CG Utrecht, The Nethefaiadent Oxides as Bragnsted and Lewis acid Catalysts for Biomass Conversion

Address: Department of Theoretical Chemistry, Vrije in Liquid WaterCatal. Sci. Techril14 4, 2877 2886.
Universiteit Amsterdam, De Boelelaan 1083, 1081 HVv (15) Bates, J. S.; Bukowski, B. C.; Greeley, J.; Gounder, R. Structure

Amsterdam. The Netherlands and Solvation of Confined Water and W&tranol clusters within
T o ) Microporous Brgnsted Acids and Their Effects on Ethanol
Complete contact information is available at: Dehydration CatalysShem. S&02Q 11, 7102 7122.
https://pubs.acs.org/10.1021/acs.jpcc.1c04270 (16) Vjunov, A.; Fulton, J. L.; Camaioni, D. M.; Hu, J. Z.; Burton, S.
D.; Arslan, 1.; Lercher, J. A. Impact of Aqueous Medium on Zeolite
Notes Framework IntegritChem. Mate2015 27, 3533 3545.
The authors declare no competingncial interest. (17) Van Speybroeck, V.; Hemelsoet, K.; Joos, L.; Waroquier, M.;
Bell, R. G.; Catlow, R. A. Advances in Theory and Their Application
ACKNOWLEDGMENTS \;v(i)tiiln;rleield of Zeolite Chemist@hem. Soc. R&015 44

This work was supported by the Netherlands Center for(1g) chizallet, C. Toward the Atomic Scale Simulation of Intricate
Multiscale Catalytic Energy Conversion (MCEC), an NWOAcidic Aluminosilicate Cataly#t€:S Cata02Q 10, 5579 5601.
Gravitation program funded by the Ministry of Education, (19) De Wispelaere, K.; Wondergem, C. S.; Ensing, B.; Hemelsoet,
Culture and Science of the government of The Netherlands.; Meijer, E. J.; Weckhuysen, B. M.; Van Speybroeck, V.; Ruiz-
The authors also thank The Netherlands Organization fdvartinez, J. Insight into the Effect of Water on the Methanol-to-
Scientic Research (NWO) for access to the national high©lefins Conversion in H-SAPO-34 from Molecular Simulations and
performance computing facilities. F. Goltl acknowledgd Situ Micro-spectroscogyCS Catal016 6, 1991 2002.

. . - 20) Silaghi, M.-C.; Chizallet, C.; Petracovschi, E.; Kerber, T.; Sauer,
support from the College of Agriculture and Life Science at’ . = . X
the University of Arizona. ?] Raybaud, P. Regioselectivity of Al-O Bond Hydrolysis during

Zeolites Dealumination Unified by Brgnsted-Evans-Polanyi Relation-
ship.ACS CataRk015 5, 11 15.

REFERENCES (21) Silaghi, M.-C.; Chizallet, C.; Sauer, J.; Raybaud, P. Deal-
(1) Tanabe, K.; Holderich, W. F. Industrial Application of Solidumination Mechanisms of Zeolites and Extra-Framework Aluminum
Acid-Base Catalységppl. Catal., A999 181, 399 434. Confinement]. Catal2016 339 242 255.
20272 https://doi.org/10.1021/acs.jpcc.1c04270

J. Phys. Chem. 2021, 125, 2026120274


https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04270?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04270/suppl_file/jp1c04270_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.1c04270/suppl_file/jp1c04270_si_002.zip
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Florian+Go%CC%88ltl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7217-0450
mailto:fgoeltl@arizona.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katarina+Stanciakova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jaap+N.+Louwen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bert+M.+Weckhuysen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5245-1426
https://orcid.org/0000-0001-5245-1426
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Rosa+E.+Bulo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.1c04270?ref=pdf
https://doi.org/10.1016/S0926-860X(98)00397-4
https://doi.org/10.1016/S0926-860X(98)00397-4
https://doi.org/10.1016/j.chempr.2017.10.009
https://doi.org/10.1016/j.chempr.2017.10.009
https://doi.org/10.1039/b817905k
https://doi.org/10.1039/b817905k
https://doi.org/10.1039/b817905k
https://doi.org/10.1021/acs.jpcc.7b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.7b00254?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adma.202003264
https://doi.org/10.1002/adma.202003264
https://doi.org/10.1021/jp044324b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp044324b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp044324b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b07969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms8589
https://doi.org/10.1038/ncomms8589
https://doi.org/10.1038/ncomms8589
https://doi.org/10.1002/anie.201006031
https://doi.org/10.1002/anie.201006031
https://doi.org/10.1002/anie.201006031
https://doi.org/10.1016/j.trechm.2021.03.004
https://doi.org/10.1016/j.trechm.2021.03.004
https://doi.org/10.1021/jacs.5b07398?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201812184
https://doi.org/10.1002/anie.201812184
https://doi.org/10.1002/aic.15517
https://doi.org/10.1002/aic.15517
https://doi.org/10.1039/C4CY00712C
https://doi.org/10.1039/C4CY00712C
https://doi.org/10.1039/C4CY00712C
https://doi.org/10.1039/D0SC02589E
https://doi.org/10.1039/D0SC02589E
https://doi.org/10.1039/D0SC02589E
https://doi.org/10.1039/D0SC02589E
https://doi.org/10.1021/acs.chemmater.5b01238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.5b01238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5CS00029G
https://doi.org/10.1039/C5CS00029G
https://doi.org/10.1021/acscatal.0c01136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.0c01136?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501474u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501474u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cs501474u?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2016.04.021
https://doi.org/10.1016/j.jcat.2016.04.021
https://doi.org/10.1016/j.jcat.2016.04.021
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C pubs.acs.org/JPCC

(22) Stanciakova, K.; Ensing, B.; Goltl, F.; Bulo, R. E.; Weckhuysdiheory to the Random Phase Approximation and Mgller-Plesset
B. M. Cooperative Role of Water Molecules during the Initial Stage Berturbation Theory. Chem. Phg€12 137 No. 114111.
Water-Induced Zeolite Dealuminatid@S Catal2019 9, 5119 (43) Piccini, G.; Alessio, M.; Sauer, J.; Zhi, Y.; Liu, Y.; Kolvenbach,
5135. R.; Jentys, A.; Lercher, J. A. Accurate Adsorption Thermodynamics of

(23) Nielsen, M.; Brogaard, R. Y.; Falsig, H.; Beato, P.; Swang, @mall Alkanes in Zeolites. Ab initio Theory and Experiment for H-
Svelle, S. Kinetics of Zeolite Dealumination: Insights from H-SSZ-1@habaziteJ. Phys. Chem2@15 119 6128 6137.

ACS CataR015 5, 7131 71309. (44) Svelle, S.; Tuma, Ch.; Rozanska, X.; Kerber, T.; Sauer, J.

(24) Nielsen, M.; Hafreager, A.; Brogaard, R. Y.; De Wispelaere, Ruantum Chemical Modeling of Zeolite-Catalyzed Methylation
Falsig, H.; Beato, P.; Van Speybroeck, V.; Svelle, S. Collective AcfR&ractions: Toward Chemical Accuracy for Badiefsn. Chem.
of Water Molecules in Zeolite Dealuminat@atal. Sci. Technol. S0c2009 131 816 825.

2019 9, 3721 3725. (45) Tuma, C.; Kerber, T.; Sauer, J. The tert-Butyl Cation in H-

(25) Grimme, S. Semiempirical GGA-Type Density FunctionaZeolites: Deprotonation to Isobutene and Conversion into Surface
Constructed with a Long-Range Dispersion Corredti@omput.  AlkoxidesAngew. Chem., Int. FoilQ 49, 4678 4680.

Chem2006 27, 1787 1799. (46) Hansen, N.; Kerber, T.; Sauer, J.; Bell, A. T.; Keil, F. J.

(26) Grimme, S.; Antony, J.; Ehrlich, S.; Krieg, H. A Consistent anguantum _ChemicaI_ModeIing of Benzene_ Ethylation over H-ZSM-5
Accurate Ab Initio Parametrization of Density Functional DispersiofiPProaching Chemical Accuracy: A Hybrid MP2:DFT Stuéyn.
Correction (DFT-D) for the 94 Elements H-PuChem. Phge1Q Chem. So201Q 132 11525 11538.

132 No. 154104, (47) Plessow, P.; Studt, F. Unraveling the Mechanism of the
(27) Becke, A. D. Density-functional exchange-energy approximiaitiation Reaction of the Methanol to Olefins Process Using ab Initio
tion with correct asymptotic behaviRitys. Rev. 2088 38 3098 and DFT CalculationACS CataR017, 7, 7987 7994.

3100, (48) Goltl, F.; Michel, C.; Andrikopoulos, P. C.; Love, A. M,

(28) Lee, C.; Yang, W.; Parr, R. G. Development of the Couel_-lanf_er, J.; Hermans_, I.; Sauter, P. Computationally I_Exploring
Salvetti correlation-energy formula into a functional of the eIectroﬁggfg‘sg“ggtng:g?;sz'gotlri't‘;ggtgﬁggg'l'\geéh§28|4 %Zg\éersmn Over
densityPhys. Rev. B988 37, 785 789. Rt ) I ’ .

(29) Vosko, S. H.; Wilk, L.; Nusair, M. Accurate spin-dependent(4®) GOltl, F.; Bhandari, S.; Mavrikakis, M. Thermodynamics
electron liquid correlation energies for local spin density calculatio _rsépe%tlve 03 tggzsfg;gsg Colznc\)/zersnlon ?;%e;h?%ze to Methanol over
a critical analysi€an. J. Phys98Q 58 1200 1211. u- xc“ange- A atal02], 11, o

(30) Stephens, P. J.; Devlin, F. J.; Chabalowski, C. F.; Frisch, M (pO) Goltl, F.; Hafner, J. Modelling the Adsorption of Short Alkanes
Ab Initio Calculation of Vibrational Absorption and Circular in Protonated Chabazite: The Impact of Dispersion Forces and

: : : . ; 1 TemperatureMicroporous Mesoporous M2iiéB 166 176 184.
Dichroism Spectra Using Density Functional Force Bielebys. " ; .
Chem. 4994 98 11623 11627. (51) Goltl, F.; Hafner, J. Structure and Properties of Metal-

(31) Dion, M.. Rydberg, H.. Schroder, E.; Langreth, D. C .Exchanged Zeolites Studied Using Gradient-Corrected and Hybrid

Lundqgvist, B. I. Van der Waals Density Functional for Generﬁunctlonals. | Structure and EnergelicEhem. Phy012 136

GeometriePhys. Rev. Let@04 92, No. 246401. 0. 064501

X ) S . . (52) Vandevondele, J.; Krack, M.; Mohamed, F.; Parrinello, M;
(32) Klimes J.; Bowler, D. R.; Michaelides, A. Chemical Accurac . : ) ) :
for the van der Waals Density Functiahdhys.: Condens. Matter. &hassalng, T Hutter, J. Quickstep: Fast and Accurate Density

Functional Calculations Using a Mixed Gaussian and Plane Waves
2%130 EZ Ng'_zl\‘/l"“m' £ Ko, L Lundavist. B. L Lanareth. b, cAPProachComput. Phys. ComnagQs 167 103 128.
H(i h)erifécu.r’ac ur\r/aa);], dér Wzgéls”Deur?si?VIIS:L‘mc.t ¥ angRrgv ’B. '(53)_Hu_tter,9.; Ianr_1uzzi, M.; Schiffmann, F.;Vandevondel_e,J. Cp2k:
9 y y feimzs. ) Atomistic Simulations of Condensed Matter Syst@fisy

201Q 82 No. 081101(R). Interdisci .
) . S I p. Rev.: Comput. MoR@Eet. 4, 15 25.
(34) Wellendorff, J.; Lundgaard, K. T.; Megelhgj, A.; Petzold, V'.’ 54) Krack, M. Pseudopotentials for H to Kr Optimized for

Landig, D. D.; Ngrskov, J. K.;_Bligaard, T Jacobseq, K. W. Denshy, gient-Corrected ExchangeCorrelation Functidhalst. Chem.
Functionals for Surface ScienEachange-Correlation Model

, . : Acc2005 114 145 152.
Development with Bayesian Error EstimaRogys. Rev. 2012 (55) Perdew, J. P.; Burke, K.; Ernzerhof, M. Generalized Gradient
85 No. 235149. . _Approximation Made SimpRhys. Rev. Letf97 78 1396.
(35) Vydrov, O.; van Voorhis, T. Nonlocal van der Waals DenS|ty(56) Zhang, Y. Yang, W. Comment @eneralized Gradient

Functional: The Simpler the Bettdr. Chem. Phy201Q 133 Approximation Made SimpRhys. Rev. Let@98 80, 890.

No. 244103. _ _ _ (57) Murray, E D.; Lee, K.; Langreth, D. C. Investigation of
(36) Sabatini, R.; Gorni, T.; de Gironcoli, S. Nonlocal van der Waal?xchange Energy Density FumetioAccuracy for Interacting
Density Functional Made Simple and Effidinys. Rev.2B13 87, Molecules). Chem. Theory Comp0@9 5, 2754 2762.

04108. _ _ _ (58) Del Ben, M.; Hutter, J.; VandeVondele, J. Second-Order
(37) Cizk, J. On the Correlation Problem in Atomic and Moleculanyg|ler-Plesset Perturbation Theory in the Condensed Phase: An

Systems. Calculation of Wave-function Components in Ursell-Typsficient and Massively Parallel Gaussian and Plane Waves Approach.
Expansion Using Quantum-Field Theoretical Methddsem. Phys.  J. Chem. Theory CompdL2 8, 4177 4188.

1966 45, 4256 4266. o (59) Del Ben, M.; Schi O.; Wentz, T.; Messmer, P.; Hutter, J.;
(38) Mgller, C.; Plesset, M. S. Note on an Approximation TreatmenyandeVondele, J. Enabling simulation at the fifth rung of DFT: Large
for Many-Electron SysterRlys. Re¥934 46, 618 622. scale RPA calculations with excellent time to solDtiotput. Phys.

(39) Bohm, D.; Pines, D. A Collective Description of ElectronCommur2015 187 120 129.
Interactions: lll. Coulomb Interactions in a Degenerate Electron Gas60) Del Ben, M.; Hutter, J.; Vandevondele, J. Electron Correlation

Phys. Re¥953 92 609 625. ) in the Condensed Phase from a Resolution of Identity Approach
(40) Gell-Mann, M.; Brueckner, K. A. Correlation Energy of arBased on the Gaussian and Plane Waves Sg¢h&hem. Theory
Electron Gas at High Densihys. Re¥957 106 364 368. Comput2013 9, 2654 2671.

(41) Tkatchenko, A.; Scheffler, M. Accurate Molecular van der(61) Guidon, M.; Hutter, J.; VandeVondele, J. Auxiliary Density
Waals Interactions from Ground-State Electron Density and Freltatrix Methods for Hartre&ock Exchange CalculatiohsChem.
Atom Reference Dathys. Rev. L&t009 102 No. 073005. Theory Compi201Q 6, 2348 2364.

(42) Goltl, F.; Groeis, A.; Bucko, T.; Hafner, J. Van der Waals (62) Helgaker, T.; Klopper, W.; Koch, H.; Noga, J. Basis-set
Interactions Between Hydrocarbon Molecules and Zeolites: Periodionvergence of Correlated Calculations on Wat&hem. Phys.
Calculations at Different Levels of Theory, from Density Functiondl997, 106 9639 9646.

20273 https://doi.org/10.1021/acs.jpcc.1c04270
J. Phys. Chem. ZD21, 125, 2026120274


https://doi.org/10.1021/acscatal.9b00307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.9b00307?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01496?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CY00624A
https://doi.org/10.1039/C9CY00624A
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1002/jcc.20495
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1063/1.3382344
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevA.38.3098
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1103/PhysRevB.37.785
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1139/p80-159
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100096a001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1103/PhysRevLett.92.246401
https://doi.org/10.1103/PhysRevLett.92.246401
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1088/0953-8984/22/2/022201
https://doi.org/10.1103/PhysRevB.82.081101
https://doi.org/10.1103/PhysRevB.85.235149
https://doi.org/10.1103/PhysRevB.85.235149
https://doi.org/10.1103/PhysRevB.85.235149
https://doi.org/10.1063/1.3521275
https://doi.org/10.1063/1.3521275
https://doi.org/10.1103/PhysRevB.87.041108
https://doi.org/10.1103/PhysRevB.87.041108
https://doi.org/10.1063/1.1727484
https://doi.org/10.1063/1.1727484
https://doi.org/10.1063/1.1727484
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.46.618
https://doi.org/10.1103/PhysRev.92.609
https://doi.org/10.1103/PhysRev.92.609
https://doi.org/10.1103/PhysRev.106.364
https://doi.org/10.1103/PhysRev.106.364
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1063/1.4750979
https://doi.org/10.1063/1.4750979
https://doi.org/10.1063/1.4750979
https://doi.org/10.1063/1.4750979
https://doi.org/10.1063/1.4750979
https://doi.org/10.1021/acs.jpcc.5b01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b01739?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807695p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja807695p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200907015
https://doi.org/10.1002/anie.200907015
https://doi.org/10.1002/anie.200907015
https://doi.org/10.1021/ja102261m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja102261m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.7b03114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b02640?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.1c00691?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2012.04.052
https://doi.org/10.1016/j.micromeso.2012.04.052
https://doi.org/10.1016/j.micromeso.2012.04.052
https://doi.org/10.1063/1.3676408
https://doi.org/10.1063/1.3676408
https://doi.org/10.1063/1.3676408
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1016/j.cpc.2004.12.014
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1002/wcms.1159
https://doi.org/10.1007/s00214-005-0655-y
https://doi.org/10.1007/s00214-005-0655-y
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevLett.78.1396
https://doi.org/10.1103/PhysRevLett.80.890
https://doi.org/10.1103/PhysRevLett.80.890
https://doi.org/10.1021/ct900365q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900365q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct900365q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300531w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300531w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct300531w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cpc.2014.10.021
https://doi.org/10.1016/j.cpc.2014.10.021
https://doi.org/10.1021/ct4002202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4002202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct4002202?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct1002225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct1002225?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.473863
https://doi.org/10.1063/1.473863
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry C

pubs.acs.org/JPCC

(63) Dunning, T. H., Jr. Gaussian Basis Sets for Use in Correlated
Molecular Calculations. I. the Atoms Boron through Neon and
HydrogenJ. Chem. Phy€89 90, 1007 1023.

(64) Woon, D.; Dunning, T. H., Jr. Gaussian Basis Sets for Use in
Correlated Molecular Calculations. Ill. the Atoms Aluminum through
Argon.J. Chem. Phyi€©93 98, 1358 1371.

(65) Silaghi, M. C. Ab Initio Molecular Modelling of the
Dealumination and Desilication Mechanisms of Relevant Zeolite

Frameworks. Ph.D. Thesis, Ecole Doctorale de Chimie de Lyon, 2014.

(66) Goltl, F.; Conrad, S.; Wolf, P.;IMut P.; Love, A. M.; Burt, S.

P.; Wheeler, J. N.; Hamers, R. J.; Hummer, K.; Kresse, G.; et al. UV
Vis and Photoluminescence ®mscopy to Understand the
Coordination of Cu Cations in the Zeolite SSZct®m. Mater.
2019 31, 9582 9592.

(67) Afeefy, H. Y.; Liebman, J. F.; Stein, SNé&utral
Thermochemical Datatps://doi.org/10.18434/T4D303 in NIST
Chemistry WebBook, NIST Standard Reference Database Number
69; Linstrom, P. J.; Linstrom, P. J.; Mallard, W. G., Eds.; National
Institute of Standards and Technology: Gaithersburg MD, retrieved
April 11, 2021; 20899.

(68) Paolucci, Ch.; Parekh, A. A.; Khurana, I.; Di lorio, J. R.; Li, H.;

Caballero, J. D. A.; Shih, A. J.; Anggara, T.; Delgass, W. N.; Miller, J.

T.; et al. Catalysis in a Cage: Condition-Dependent Speciation and
Dynamics of Exchanged Cu Cations in SSZ-13 Zdolkes. Chem.
Soc2016 138 6028 6048.

20274

https://doi.org/10.1021/acs.jpcc.1c04270
J. Phys. Chem. ZD21, 125, 2026120274


https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.456153
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1063/1.464303
https://doi.org/10.1021/acs.chemmater.9b01439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemmater.9b01439?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.6b02651?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.1c04270?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

