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Abstract.

Confinement of molecules in one dimensional artys
channel-shaped cavities has led to technologically
interesting materials. However, the interactiongegning
the supramolecular aggregates still remain obsewen
for the most common guest molecule: water. Hereause
computational chemistry methods (#¥compchem) toystud
the water organization inside two different charypke
environments: zeolite L — a widely used matrix for
inclusion of dye molecules, and ZLMOF — the closest
metal-organic-framework mimic of zeolite L. In ZLM®Q
the methyl groups of the ligands protrude inside th
channels, creating nearly isolated nanocavitiess&h
cavities host well-separated ring-shaped clusteveater
molecules, dominated mainly by water-water hydrogen
bonds. ZLMOF provides arrays of ,isolated supraroole®
environments, which might be exploited for the indiual
confinement of small species with interesting cgtar
catalytic properties. In contrast, the one dimemelio
channels of zeolite L contain a continuous supramgér
structure, governed by the water interactions with
potassium cations and by water-water hydrogen bonds
Water imparts a significant energetic stabilizatiooth
materials, which increases with the water content i
ZLMOF and follows the opposite trend in zeoliteThe
water network in zeolite L contains an intriguing
hypercoordinated structure, where a water moleisule
surrounded by 5 strong hydrogen bonds. Such atstajc
here described for the first time in zeolites, ban
considered as a water pre-dissociation complexwgtit
explain the experimentally detected high protoivagtin
zeolite L nanochannels.
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I ntroduction

An appealing way to control randomly oriented males
is to use a confining matrix to impart a preferainti
orientation, which allows guest species to respond
cooperatively to electro-optical stimulations [This
strategy has produced materials of technologidalaace
based on the collective behaviour of organized mdée
objects [2][3],[4]. In optoelectronic devices, stdrucial that
the individual molecular responses sum up in adast
effective manner [5],[6]. The incorporation of pbattive
species in hanoporous matrices enhances the emwsio
perties, as well as the catalytic and photocatabgtivity,
[51.[71,[8].[9] because strict confinement rulegtaggrega-
tion of organic chromophores. Excitation energysfer in
artificial antenna systems[5], for example, hasccete
applications in solar energy technology [9],[103r Ehese
reasons, the realization of organized supramolecula
systems in nanoporous frameworks is a steadily igigpw
research area [9Zeolite cages have long been exploited to
create confined nanostructures for optoelectrddit like
metal clusters,[12],[13],[14] quantum dots,[10] [156] or
lanthanide complexes [17], and the practical apfibns of
zeolite-based functional composites from effect
pigments[18], to theranostic agents [19],[20], keep
increasing in number and performances.

Zeolite confinement also leads to intriguing assiéslonf
very simple molecules. For example, hydrophobicalite
hosts water nanostructures of rather small lenght,
nicknamed “nanoworms* [21],[22],[23], whereas sijtat,
water chains are found in the one-dimensional cilann
systems of two narrow-pore zeolites: natural hikeét
[24],[25],[26],[27],[28],[29],[30],[31],[32],[33] &d
synthetic Li-ABW/[34],[35],[36],[37],[38]. Size, tagogy
and chemical nature of the zeolite pores are resplenof
the spectacular diversity of supramolecular systems
exhibited by zeolitic water, ranging from spherichkisters
in LTA cages [39],[40],[41],to triple helices inrlge-pore
VFI [42],[43],[44].These confined water aggregaaéso
explain the high resistance of zeolites to meclasiress
[45],[46],[47]. At very high pressure, the void-sgaarchi-
tecture of zeolites can promote formation of comale
rangement of guest molecules [48], which act alsaysi’
preventing thus the pressure-induced collapseeof th
framework [49],[50],[51],[52],[53],[54].

From a broader viewpoint, the study of the struadtarran-
gement of water molecules in zeolite cages hadlgrea
contributed to our knowledge of host-guest intéosst
[1],[22],[55] and to its application to zeolite lybrid com-
posites [56]. A deeper understanding would be keali-
ze new host-guest materials guided by atomistietide-
sign. Indeed, the insight gathered on zeolite-baybdds
has already fostered the extension of the ideagtsom
porous silicas/organosilicas [7],[57],[58],[59],[60
[61],[62], layered materials,[63],[64],[65],[66]nd metal
organic frameworks (MOF) [1],[3],[67],[68] [69],[1071].
Yet such enormous field still remains little ex@dr

In contrast, the implementation of zeolite L hylsrid
(framework type: LTL)[72] has already accomplishpelc-
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tical application in strategic areas such as sargy har-
vesting,[5],[73],[74],[75],[76],[771,[78],[79]
photonics,[80],[81],[82] and nano-medical
technology.[19],[83],[84],[85] The fabrication obofined
architectures of chromophores for photon transport
[51.[91,[57].[86],[87],[88] and other light-operate
systems[17],[19],[89] has made impressive progesse
the last few years. On the other hand, it is wiltlarify
how the microscopic interactions within the cagegegn
the peculiar behavior of guest species, and theisdim-
mercially useful features of zeolite L devices. Qaratio-
nal approaches applied to zeolites [49],[90],[21][[93],
mesoporous silicas [3],[94],[95],[96] and
MOFs[97],[98],[99]) are increasingly popular becauads
the fundamental insight achievable through modelirge-
oretical studies elucidated the organization oksaneut-
ral dyes [79],[100],[101],[102],[103] and catiorcbromo-
phores[56],[75],[104],[105],[106],[107],[108] in aéte L
channels, along with their interaction with zealifiame-
work, cations, and water. A detailed descriptiothef
channel entrances was also accomplished [109] athais
ning a molecular-level view of the interface proeses
governing the fabrication of these materials [1T3}mbi-
ned with experiments, calculations have showndfet
zeolite L composites can withstand GPa-pressurdgsut
alteration in the organization of the guests[1idjich is
important for extending the application of zeolit@sed
optical devices. Could it be possible to exploitrsknow-
ledge to favour the progress of MOF-based hybridogs?

The self-assembly of metal ions as nodes and sailigb
ands as spacers is a successful strategy to protiDés
mimicking zeolite topologies [112],[113], in spité obvi-
ous differences in size of the cavities, chemiealire of
the framework, and dimensions of the crystals. Wdw@n-
bined with proper guests, MOFs they may form conipss
with exciting electro-optical properties[67]. MORaving
one-dimensional (1D) channel systems are partigular
appealing for the fabrication of host-guest mufiitional
hybrid materials [71] [114].

A nice example is the “zeolite L-mimic metal—organi
framework (ZLMOF)“ built by Noh et al. from
[AgaNi(L) o] 3.5H,0 ((L*=
bis(methylthio)methylenepropanedioate), which festu
so-called “caterpillar-shape nanochannels”’[115]sTh
ZLMOF represents to date the best structural mwhic
zeolite L (ZL), as its channels have comparablestand
size. Specifically, both zeolite L and ZLMOF chalsnean
be schematized by cylinders having, at normal dea
(298 K, 1 atm), a maximum internal diameter of 58.4
[116] and 11.970 A [115], respectively. The freardeter
of zeolite L channels (corresponding to the sizthef
channel opening) is 7.2 A, while the free diamefethe
ZLMOF channels is limited to 7.55 A by the ligandsi-
omethyl groups[115]. Both zeolite L and ZLMOF fe&tu
hexagonal arrays of channels, running alongthgis;
moreover, for both as-prepared materials, the adlann
contain clusters of water molecules [115],[116].

In spite of the close structural similarity, theachels differ
significantly in their hydrophobicity/hydrophiligitproper-
ties: while LTL is hydrophylic due to Al framewodations
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(Si/Al ratio =3) and K ions in the pores, ZLMOF is partial-
ly hydrophobic owing to the thiomethyl groups puating
into its channel. On this basis, we expect thaewatole-
cules should have different interactions when cwdiin
these materials, and therefore different supramidec
arrangements.

Herein we explore, with dispersion-corrected dgmfsihc-
tional theory (DFT), the structural organizatiorvedter
molecules in as-prepared Zeolite L and ZLMOF, wiith
aim of attaining an atomistic-level understandifghe
host-water and water-water interactions in the twateri-
als. The amounts of water considered for ZLMOF zex
lite L correspond to those experimentally deterrdiat
equal pressure —namely, 1 atm. The study of ttange-
ment of water molecules in the cavities could helpssess
if water plays a significant role in the stabildfthis
ZLMOF, and whether this framework might be possibly
exploited as a nanocontainer of other species.\fghhe
role played by the guest {§&), clusters in the ZLMOF
formation process? On the basis of crystallograghte,
Noh et al. hypothesized that the water clusterédcact as
templates for the building of “caterpillar-shapeanhels”
[115]. This reasonable argument recalls the wadépo
template effect proposed by Barrer for zeolite
minerals[117], yet it does not describe the molacidvel
interactions, nor does it explain how water mayanp
stabilization to the host-guest system. Understenkdow
water molecules are organized in the channels MQE,
how their arrangements differs from water in zeolif and
why these assemblies are stable, could deliveriitapb
insight on this unique zeolite-L mimic.

At the same time, a careful theoretical investmatf the
structural arrangement of water in zeolite L cdutdrele-
vant for improving zeolite-L-based composites #ralr
applications. Interestingly, high-pressure overhyidn
experiments on zeolite L have recently evidencddhaana-
tic increase of the water content up to 3DHnNolecules
per unit cell (at* 6 GPa), against the original value of 18
[118]. Such an increase (reversible upon presalease) is
much higher compared to other aluminosilicate
zeolites[49],[50],[119],[120], and suggests a sakaffinity
of water for zeolite L. Why is this particular z#elso ,wa-
ter-friendly“? Addressing this question could imp#e
practical applications of zeolite-L based hybriésduse
water is able to displace various neutral orgagEsdrom
zeolite L channels[101]. As a matter of fact, saldye—
zeolite L materials [101],[121] are destroyed bp@sure to
air at room temperature, which is a serious prokftam
hybrid composites of neutral, non carbonylic guests

Overall, the insight gathered in this work couidmboth
to understand the origin of the great affinity cfter for
zeolite L, and the role played by inclusion watertioe
stability of ZLMOF.
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Modeling and computations

Building of the models

Zeolite L (framework type LTL, ideal unit cell stoichiomet-
ry KoAlgSi>7O7,- mH,0, s.gP6/mmn). The framework is
constitued by cancrinite cages stacked along the
axis[72],[122]. This arrangement gives rise to12-
membered-ring (12MR) channels with roughly circular
section and 8-membered-ring (8MR) channels withliema
elliptic section, both parallel to tleaxis. These channels
are connected by a non-planar 8MR exhibiting aated
.boat-shape”. As can be seen in figure 1, the arcdypa-
rallel 12MR channels may impart space confinemant o
guest species — water, in our case. Herein, we asgtdess
coordinates those obtained by Gigli et al. by terapee-
resolved synchrotron X-ray powder diffraction [1,16¢r-
responding to unit cell dimensionsa#18.40(4) A and
c=7.52(3)A) at room temperature and pressure (figire

Fig. 1. Hydrated zeolite L projected in tlad plane from
crystallographic data of ref. [116], evidencing &R of the
cancrinite cages, the 12MR channels and the elipMR chan-
nel (channels* axis is parallel t)). The blue solid lines indicate
the dimensions of the unit cell. Color codes: greefiow =
T1,T2 sites, corresponding to disordered Al, Si; +dframework
oxygen sites; purple = K sites; cyan = water oxysjées. Extraf-
ramework sites have fractional occupancy.

These authors found three types of extraframewitek for
the potassium cations, located as follows: (ihatdancrini-
te cage center; (ii) in the 8MR channel, betweem aa-
jacent cancrinite cages; (iii) in the 12MR chan(oblarac-
terized by a maximum diameter of 10.43 A). Onlysthéast
sites (which have fractional occupancy) can coatgin
water molecules, while the remaining cationic sées
coordinated only to framework oxygens.18 water males
per unit cell were found, distributed over five ity
occupied sites [78],[116]. Similar to previous alvsdions
on the natural analogue of zeolite L, perlialit23], and on
a Rb-GaSi LTL sample [124], the water moleculesnfor
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clusters and cation-water layers alternating atbeg-axis,
as illustrated in figure 2. Among the 5 water sitady two
are at hydrogen-bond distance from the framewoHilew
the other ones can only interact withQ4s. The stoichio-
metry (KAl ¢Si,;O;,- 18H0) and unit cell parameters of our
model were taken from Ref.[116].

In general, while diffraction analyses probe loagge
order of the crystal, the presence of randomlyritisted
guests lowers the symmetry of the framework anditem
a loss of periodicity [125]. For this reason, dyfdetailed
structural determination of the guests moleculegiy
difficult with crystallographic methods only: in rsiocases,
the symmetry obtained by refinement should be jpmeted
as a configurational average over many possiblerdiésed
situation. Some consequences are the finding aftgue
molecules in very high-symmetry positions (whicloften
an artifact) [125],[126], and of multiple positiofe the
guests, usually in high number and with fractiomadu-
pancy, like in Ref. [116].This represents a probfem
modeling, because it is necessary to single oubnanthe
partially occupied crystallographic positions, ta@apable
of reproducing the actual stoichiometry of the ekpental
system (in our case, 18 water molecules per celiout
introducing unphysical interactions (i.e. too shotér-
atomic distances). By following these guidelined &ae-
ping into account the (partial) occupation factofrthe K
sites and the water sites found by Gigli et al6]1 ve set
up our initial model for hydrated zeolite L.

Fig. 2. Hydrated zeolite L projected in tlae plane (from
crystallographic data of ref.[116]), representimg d2MR chan-
nel and its content (channel axis is parallat)taColor codes:
yellow = T1,T2 sites, corresponding to disordefédSi; purple
spheres = K sites; cyan = water oxygen sites (ndex Waals
representation). Framework oxygen sites are omittedlarity.
Extraframework sites have fractional occupancy.

ZLMOF (unit cell stoichiometry: gsH4503:S;oNi>Ags,
trigonal, space group-3, a=15.9828(3)£=7.91160(10)
[115]). Diffraction data collected at room pressLir#5]
indicate two types of silver ions (Agl, Ag2) withetfollo-
wing connectivity: i) Six silver ions (Agl) are awected to
Ni via the ligands L (through two oxygens and two sulfur
atoms); ii) Ag atoms of the second type (Ag2, @ation
factor=1/3) are bound to an oxygen and a suffumftwo
L; iv) the Ni ions are surrounded by 6 ligand oxygén a
octahedral coordination, creating 3-connected nfitiEs].
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This connectivity generates Ni-based hexagonal roélan
along thec-axis (figure 3). The channels have maximum
diameter of 11.968 A ,which becomes narrower (7 A50
in correspondence of the thiomethyl groups attached
Each channel cavity (of 8:68.6 x4.5 A® size) contains a
watercluster: 13 distinct crystallographic sites wererfd
for the water oxygens. These sites have % occupaitty
the exception of the highly symmetric central dioe a
total of 7 HO's per unit cell [115]. The cavities are delimi-
ted by the methyl groups of the ligands, so thattater
clusters are separated from each other, as shofiguie 4.

Fig. 3. ZLMOF structure projected in theb plane (from
crystallographic data of ref.[115]), highlightiriget sections of the
caterpillar-shaped nanochannels running algramd the
grystallographic sites of the water oxygens (cy@meses).The
blue solid lines are a guide for the eye and inditlae dimensions
of the unit cell. Color codes: small gray spherds sites, red =
framework oxygen sites; yellow= S sites; big grplievres = Ag
sites; blue = Ni sites; cyan = water oxygen sifgsand water
sites have fractional occupancy.

Fig. 4. ZLMOF structure projected in trex plane (from
crystallographic data of ref.[115]), representimg @ingle nano-
channel along and its content. The 13 crystallographic sites of
the water oxygens (cyan) in the channel are irvéimeder Waals
representation. The light grey van der Waals sphare the me-
thyl groups of the ligands which protrude inside ghannel and
narrow its effective diameter. The rest of the fesvork is re-
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presented as sticks. Color codes: light gray = G,gital =
framework oxygen sites; yellow= S sites; dark ggplieres = Ag
sites; cyan = water oxygen sites; white = H. Nésiare not visible
in this projection. Ag and water sites have fratdlooccupancy.

Our model has the same unit cell parameters amdi@to
composition as those experimentally determined,thad
starting configuration was taken from the X-ray
positions.The cluster (#); was built by selecting the
central HO and, alternatively, three out of six water
molecules in each of the two water rings in figBrélso,
as the Ag2 site occupancy is 1/3, only one of tineet
equivalent Ag2 positions was selected.

Computational methods

All calculations have been performed using the dkpa
adopted PBE approximation for DFT [127], and D2
dispersion corrections [128]. This approach (heraft
indicated as “PBE-D2") is widespread in solid-state
simulations of aluminosilicates because it offers a
reasonable balance between computing load andaagcur
level in calculating structural parameters (lattomstants,
bond angles, and bond lenghts) . These features hav
allowed to study at atomistic level important preses in
porous materials, such as pressure-driven struathamges
[129], [130][131], gas adsorption [132],[133], dstas
[71,[90],[134],[135] as well as interactions, profes and
behavior of dye/zeolite-L composites [78],[79],[10911].
The cell parameters and bond lenghts / bond angles
optimized (at 0 K) with PBE-D2 reproduce satisfaityo
the corresponding experimental values, as evidebged
thorough benchmarking studies of hydrated
aluminosilicates [136],[137] and all-silica zeotgfE38].
Tests towards higher-accuracy methods performegilica
polymorphs [139], and aluminosilicate/aluminophceeh
zeotypes [130], [138],[140],[141] provided favorabl
comparison as well. Moreover, also for finite temapere
conditions this approach delivers good agreemetmidsn
average framework structures (from first-principles
molecular dynamics) and X-ray refinement data, for
different water-containing zeotypes, including zteol
[48],[131],[142], [78],[79],[111].

The geometry optimizations were performed with the
Quantum Espresso code [143]. Nonetheless, prior to
optimization, several picoseconds of first prinegpl
molecular dynamics simulations were carried oubam
temperature, followed by simulated annealing preegso
bring slowly down the temperature of the system (he
nuclear kinetic energy). Such preliminary stepsewer
performed using the CPMD code [144].

Electronic wave functions were expanded in plan@saip
to a kinetic energy cutoff of 30 Ry (240 Ry for tensity).
In the case of hydrated zeolite L, electron—iomicec
interactions were computed with ultrasoft Vanderbil
pseudopotentials for H, C, and O and with norm eoriag
pseudopotentials of the Kleinman-Bylander form and
nonlinear core corrections for Si, Al, and
K[145],[146],[147]. This electronic structure contational
scheme provided a proper description of variouditeelo
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hybrids [78],[79],[109] [109],[110],[111] and other
organic—inorganic materials
[148],[149],[150],[151],[152],[153], thus represery a
well-tested strategy for the modeling of complex
supramolecular systems. The PBE-D2 approach hasatsee
widely adopted in MOFs modeling, for example talstthe
hydrogen and carbon dioxide adsorption sites inr&Hnd
other isostructural systems [133], acetylene anthame
adsorption in the pores of metal formates withedéht
metal centres (Mg, Mn, Fe, Co, Zn) [154], or théega
opening process in ZIFs of sodalite topology [129%0, a
very recent benchmarking investigation clearly utides
that dispersion corrected PBE-based functionalgigeo
reasonably accurate results in reproducing thetsiral
properties of MOFs with open porosities [156].

Nonetheless, pure DFT has known limitations intingg
properties such as magnetization in open-sheltitian
metal atoms[157],[158]. A widespread and more
computationally convenient way to overcome such
limitations is the use of Hubbard corrections[1B%0].
Hence, we enhanced the PBE-D2 approach by applying
HubbardU corrections to the localized d electrons of 3d
transition metals. Specifically, for Ni we usetl avalue of
6.4 eV, as proposed in Ref. [161]. The electroneiaores
interactions for all atoms in ZLMOF were treated
exclusively with ultrasoft pseudopotentials [148hit cell
parameters were kept fixed to the experimental fitiEs].

During geometry optimizations performed on bothatid
ZLMOF, all atomic coordinates were left free to raov
Optimizations were considered to be converged &ues
of maximum force on the ions belowx10® hartree/bohr.
The Brillouin zone was sampled using a 1x1x2 mésthe
case of ZLMOF, the open shell configuration of Nisv
treated by giving independent magnetization totteNi
atoms in the simulation cell. The two possible sasere
considered: ferromagnetic arrangement (Nil=1/2=1i2)
and antiferromagnetic arrangement (Nil=1/2, Ni2R2}1

For both Zeolite L and ZLMOF, the stabilization empeof
the hydrated materials with respect to the isolated
components (i.e. the framework and the water nubds)
was determinedlia the following equations:

AE(ZL-18 H,0)=E(ZL18 H,0) —E(dry ZL) —18x E(KO)
AE(ZLMOF7 H,O)=E(ZLMOF7 H,0O) —E(dry ZLMOF) —
7x E(HO)

Where E(Z1:18 H,0) / E(ZLMOF 7 HO) is the energy of
the optimized hydrated ZL/hydrated ZLMOF) respesityy
E(dry ZL) /E(dry ZLMOF) is the energy of the empty

ZL/ZLMOF, respectively, and E(®) is the energy of an
isolated water molecule.

In addition, to estimate the adsorption energy sihgle
water molecule inside the considered host matetiats
further models were built and optimized, consistfigne
water moleculger ZL and ZLMOF unit cell, respectively,
using the same simulation parameters adopted dor th
previously described model systems. The stabibpati
energy of these models with respect to the isolated
components was calculated as follows:

AE(ZL-1H,0)=E(ZL-1H,0) —E(dry ZL) — E(HO)
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AE(ZLMOF1H,0)=E(ZLMOF1 H,0) —E(dry ZLMOF) —
E(H,0)

Finally, in the data analysis performed on botheays, the
following cutoff distances were assumed for evanhgat
hydrogen bond interactions: 0-0=3.4 A; O-H = 2.3 A.

Results and discussion

ZLMOF

The energetics of water molecules inside ZLMOF was
investigated firstly by calculating the stabilizatienergy of
a single water molecule (per ZLMOF unit cell) wittspect
to the isolated constituents of the host-guesesyst
(namely, the water molecule and the bare ZLMOF
framework). These calculations revealed that thydrous
ZLMOF is stable, in line with the experimental oh&gion
that the ZLMOF can sustain dehydration withoutajodle
of the framework structure [115], and that the #itzdtion
energy of a water molecule inside ZLMOF amounts to
13.05 kcal/mol — hence, a value significantly higtian
those typical of hydrogen bond$ kcal/mol). Indeed, the
optimized structure of ZLMORH,O, reported in Figure 5,
evidences that the water molecule not only forreB@ng
hydrogen bond with a carboxylate oxygen of therlgja
(1.797 A), but it also weakly interacts with anathe
carboxylate oxygen of the same ligand molecule @i+2
A). A closer inspection of the geometry of the figan the
dry ZLMOF and in the ZLMOHH,O models reveals that
the C-O distances of the oxygens involved in the
interactions with water change from 1.254 A and4.4

in the dry model to 1.262 A and 1.263 A in the
ZLMOF-1H,0 system. This result suggests that water
increases the conjugation of the carboxyl groups th
imparting, besides hydrogen bonding and van defswaa
interactions, additional stabilization to the
ZLMOFframework — in particular to the ligands.

Figure 5. Optimized geometry of ZLMOBH,0O, i.e. the ZLMOF
containing one single water molecule per unit g@ibjection in
theab plane). Color codes: small gray spheres = C, regand
oxygens; yellow= S; big gray spheres = Ag; bluei=dyan =
water oxygens; white=H. Hydrogen bonds are in red.
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To determine the water arrangement and the related
energetics inside hydrated ZLMOF, we performed
geometry optimizations of models having the sanieaat
stoichiometry (namely, $gH4503:S1.Ni>Ags 7 HO) but
different starting distributions of the water maléss. As a
general remark, the first important result of these
calculations is that the structures with ferromaigrend
antiferromagnetic arrangements of the Ni ions vieoad
to be isostructural and isoenergetic. This findiag be
rationalized by noting that Ni centers are veryffam each
other, the closest Ni-Ni separation being 7.912 A.
From the optimizations we obtained two configunasio
separated by 7.01 kcal/mol energy difference. The
minimum energy structure (MIN), reported in figue
exhibits a ring of seven water molecules, hydragemded
among each other and with the framework (ligand)
oxygens. The other structure (CENT, figure 7) fesglone
molecule at the channel center, surrounded by ailker
H,O's forming a ring; also in this case, the wateflenuoles
are hydrogen bonded both to each other and wiéimtlg
oxygens. The stabilization energies calculatedferMIN
and CENT structures amount to -117.22 and to -110.2
kcal/mol, respectively.

Figure 6. Minimum energy structure of hydrated ZLMOF,
containing 7 water molecules per unit cell (prdctn theab
plane). Color codes: small gray spheres = C, regandl oxygens;
yellow= S; big gray spheres = Ag; blue = Ni; cyawater
oxygens; white=H. Hydrogen bonds are in red.

This means that the energetic stabilization ohglei water
molecule in the MIN and CENT structure amounts to -
16.75 and -15.74 kcal/mole, respectively: hencenev
greater than that found for a single water molebtolsted
in ZLMOF (-13.05 kcal/mol).
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Figure 7. Hydrated ZLMOF structure (7 4@’s per unit cell)
exhibiting a water molecule at the channel cergasjéction in the
abplane). Only the KOs and the ligands atoms delimiting one
channel are shown. Color codes: small gray sphetesed =
ligand oxygens; yellow= S; big gray spheres = Agirc= water
oxygens; white=H. Hydrogen bonds are in red.

This result is interesting, because it indicates the
stabilization of a water molecule in ZLMOF incresséh
the water content, due to the formation of watetewa
hydrogen bonds, and presumably also to the strengig
of the water-ZLMOF stabilizing interactions in tas-
prepared material with respect to ZLMQH,O system.
Intriguigly, in both structures the water netwoskiormed
by seven hydrogen bonds, and it is connected to the
channel's ligand oxygens by six hydrogen bondaidftake
the hydrogen bond distances as a measure of greghtrof
hydrogen bonds, comparison of the values obtaioed f
these two arrangements (Table 1), suggests thiae iMIN
structure the water network is stronger and intsramre
favorably with the ZLMOF channel walls. In partiaul the
average water-water and water-ligand hydrogen bond
distances in the minimum energy structure amoutti@3
A and 1.952 A respectively. Such separations beduotie
appreciably longer for the CENT structure — nanie887
A and 2.016 A, respectively. Therefore, the higstability
of the MIN structure with respect to CENT may berdmed
to the greater strenght of the hydrogen bonding/ow.

Table 1. Water-water and water-framework hydrogen bond
distances (A) in ZLMOF. Average values in bold.

MIN? CENT?
Water Water- Water Water-
water ligand water  ligand
1.792 1.883 2.027 2.003
1.673 2.123 1.802 1.996
1.662 1.891 1.914 1.879
1.778  2.093 1.680 2.226
1.789  1.903 1.760  1.820
1.811 1.816 1.991 2.169
1.903 2.038

O-H 1773 1952 1.887 2.016

0O-0O 2769 2905 2.858 2.988

IMIN= minimum energy structure (figure 6CENT=central water
structure (figure 7).
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Also importantly, in both structures the water-wate
hydrogen bonds are significantly shorter than théew
ligand oxygen ones, indicating that the water extés more
strongly with itself than with the framework. Thssin line
with what found for water in zeolites, mesoporailisas,
or layered materials. Indeed, the predominanchef t
water-water interactions is a rather general aspfettie
collective properties of water when confined in osined
cavities, irrespective from the hydrophobic or toghilic
character of the enviroment [1].

Table 2. Metal-ligand distances (A) in ZLMOF.

MIN? CENT?
Agl-O Agl-S Agl-O  Agl-S
2.344 2.443 2.334 2.443
2.726 2.505 2.762 2.489
Av 2.535 2474 av 2.548 2.466
Exp 2.330 2.457 exp 2.330 2.457
2.537 2.507 2.537 2.507
expav 2434 2.482 exp av 2434 2.482
Ag2-O  AQ2-S Ag2-O  Ag2-S
2.305 2.507 2.285 2.493
2.278 2.496 2.281 2.496
Av 2.292 2.502 av 2.283 2.495
Ni-O Ni-Ag2 Ni-O Ni-Ag2
2.103 3.856 2.111 3.872
2.106 3.940 2.105 3.866
Av 2.105 3.898 av 2.108 3.869
exp av 2.040 exp av 2.040

']MIN= minimum energy structure (Fig. SCENT=central water structure
(Fig. 6). Average values (av) in bold, experimentdles [115] in italic.
Comparison with experiment is reported only foesivith occupancy=1.

As above specifed, the water clusters do not jpifotm a
continuous structure along the channel, as thewalle
separated from each other. This happens because the
thiomethyl groups attached to L tighten the fresnuitter of
the channel to 7.538 A, well in line with the expeental
value of 7.550 A. This situation can be visuallylarstood
by observing figure 8: the methyl groups protrudingjde
the channel form a hydrophobic section, which pnév¢he
formation of a continuous supramolecular water egate
along the ZLMOF channel.

Author Title

Ettore Foist#1*, Gloria  \Water in zeolite L and its MOF mimic
Tabacchit#t*

Date
20.06.2020

Page
13 (32)



Fig. 8. Minimum energy structure of hydrated ZLMOF progstt
in theac plane, representing one channel aloragnd its content (7
H,O's molecules, in wan der Waals representationg. light grey
van der Waals spheres are the ligands' methyl gredpch
protrude in the channel interior and narrow therim&l diameter.
The rest of the framework is shown as sticks. Codafes: light
gray = C, red = framework oxygens; yellow= S; dagr&ty spheres
= Ag; cyan = water oxygens; white = H.

Notably, the interaction of the water moleculeshwtite
ligand oxygens affects the metal-ligand coordimatio
distances (Table 2). Indeed, each Agl is coordihiateéwo
ligand oxygens, but the coordination distancessayeifi-
cantly different: there is a longer one, 2.726 Ad a shor-
ter one, 2.344 A — in line with what found experitaly.
As shown by the data in Table 2, both MIN and CENT
structures share this feature. The longest Aglstadces
always involve the ligand oxygens forming a hydmoge
bond with a water proton. Hence, interaction agjard
oxygen with water through hydrogen bonding hasefffect
of weakening the coordination of this oxygen to tietal
center.

Although to a lesser extent, also the two Agl-$adises
differ: each Agl is bound to two sulphur atoms veitior-
dination distances of 2.505 A and 2.443 A, respetbti
Compared to the Agl-O case, the much lower difiegen
between the Agl-S distances can be explained liygnot
that, unlike oygens, the sulfur atoms of the ligadd not
directly interact with water molecules through togien
bonding.

Similarly, water molecules are not hydrogen bonigdetthe
coordination environments of Ag2 and Ni, and tis#iuctu-
ral effects are therefore barely significant (se®Il& 2). For
instance, the average Ni-O coordination distancelséa
MIN and CENT structure are very similar (2.105 @108
A, respectively) in spite of the different arrangammof
water (cfr. figures 6 and 7).

In summary, three main points emerge from our aisily
i)the stabilization energyer water molecule increases with
the water content —i.e. in passing from ZLMOH,0 to
ZLMOF-7H,0; ii) waters in ZLMOF are strongly bound
with themselves and less strongly with the liganigsthe
presence of water essentially affects the cooriginaif
Ag1 via hydrogen bond with one ligand oxygen, résgl
into a weaker Ag1-O bond.

Taken as a whole, these results rationalize twarkable
experimental observations: i) the stability of thater
aggregate (desorption occurs a5 °C); ii) ZLMOF
resistance to water removal [115]. Indeed, bedides
stabilizing hydrogen-bond interactions and wateiuited
conjugation enhancement of the ligand carboxyl gspthe
resilience of the supramolecular water clustersaroie
desorption is also due to their strict confinemant
individual cavities, which act as a protective eamment
towards external agents or high temperature camiti
Also, the weak interaction of water with the metal
coordination environment ensures that water removal
would not drastically affect the stability of th&MOF
framework.
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ZeoliteL

Similarly to ZLMOF, in order to assess the energetie
calculated the stabilization energy of one watelecule
(per ZL unit cell) with respect to the isolated erat
molecule and bare ZL framework. We found that this
guantity amounts to -20.42 kcal/mol — a value \reline
with those reported in previous studies on wat&linThis
value is sensibly higher than the energy of a waialecule
in ZLMOF because of the strong interaction of watéh
ZL K* cations. Indeed, the optimized structure of 7,0,
depicted in Figure 9, evidences that the water oubdenot
only forms a strong hydrogen bond with a carboxylat
oxygen of the ligand (1.866 A), but it is also sigty bound
to an extraframework potassium cation (d=2.716 A).

Fig. 9. Minimum energy structure of (ZL H,O)projected in the
abplane. The blue solid lines indicate the unit cblor codes:
yellow = Si, green = Al, red = framework oxygepsrple = K;
cyan = water oxygens, white=H. The blue dasheditidieate the
hydrogen bond.

The minimum energy structure calculated for hydtate
zeolite L(figure 10) is stabilized by-326.74 kcable with
respect to the isolated components: this indictigisthe
stabilization energy of a single water molecul&in
amounts to-18.15 kcal/mol. This value is only sligh
higher than the corresponding value (-16.75 kcdymo
found for ZLMOF at the same conditions, and, rerabh,

is lower than the stabilization of a single waterl@ecule in
the LTL framework. Hence, the present energetidyarsa
highlights that the energy stabilization of a waterlecule
decreases with the water content in zeolite Lpfeihg

thus an opposite trend respect to that found fdVIQEE. As
deduced from the minimum energy geometry, the reaso
for this behaviour lies mainly in the increased petition

of water molecules to bind with the potassium catim the
ZL-18 H,0 hydrated material. This system has a network of
hydrogen bonds more extended and complex with cespe
to ZLMOF, due to the greater number of water mdiesu
per unit cell. In addition to water and frameworygens,
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the network involves Kcations as well: the
extraframework cations play a mayor role in govegrthe
organization of water in zeolites [1],[162],[163ahd zeolite
L is no exception[102],[105]. In this view, we tloogly
analize the connectivity of the water aggregatadiag
from the environment of potassium cations.

In our model, 4 of the 6 available K sites closé¢h® main
12MR channel (KD sites according to Gigli et al{ws.8
occupancy[116]) are occupied by potassium catibhsse
K" are the only ones that can interact with watechg4 is
coordinated to at least two water molecules ang fiv
framework oxygens, with an average coordination loem
of 7.75 (assuming a cutoff distance of 3.2 A) . Siially,
two K* are coordinated to 2 water molecules (average K-O
distance: 2.734 A) and the other two to thre®1d, with
average distance of 2.758 A (Table 3).

Fig. 10. Minimum energy structure of hydrated zeolite L (Z&
H,O)projected in thab plane. The blue solid lines indicate the
unit cell. Color codes: yellow = Si, green = Aldre framework
oxygens; purple = K; cyan = water oxygens, whiteBHie
dashed lines indicate the hydrogen bonds.
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Fig. 11. Minimum energy structure of hydrated zeolite L (Z&
H,0) projected in thacplane, representing one single channel
alongc and its content (18 J@'s per unit cell). Color codes:
yellow = Si, green = Al, purple = K, cyan = watetygens,
white=H. Framework oxygens omitted for clarity.

Fig. 12. Perspective view of zeolite L minimum energy stive
showing the peculiar 5-hydrogen-bond (5-HB) arrangniin
ball-and-stick and dashed blue lines). 3 out oH1®'’s per unit
cell have 5-HB. Color codes: yellow = Si, greerhl=red sticks
= framework O; purple = K; cyan sticks = water hite=H, red
spheres = oxygens involved in the 5-HB structureeRlashed
lines=5-HB, red dashed lines=the full hydrogen hiongchetwork.

Table 3. Water-water and water-framework hydrogen bond
distances (A) in Zeolite L. Average values in bold.

Interaction distance
K-O(2w) 2734
K-O(3w) 2.758
O-H H-bond (K,1W)) 1.754
O-H H-bond(1W) 1.556

O-H H-bond(2W) 1.804
O-H H-bond (3W) 1.920
All O(water)-H 1.833
All O(frame)-H 1.953

In total, there are 8 water molecules coordinabeithé¢ 4
K*. Two H,O's are bound each to two'Kkoncomitantly,
and therefore cannot act as acceptors of hydrogedsh
Among the other 6 molecules, each bound to a sigle
only two accept an hydrogen bond from a water proto
with rather short hydrogen-bond separation (avevadige
=1.754 A), indicating a strong interaction (Tab)e 3

The remaining 10 water molecules per unit cellraoe
directly coordinated to K. Six of them accept twalfogen
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bonds (average hydrogen bond distance = 1.804 Agwh
one HO interacts with only one proton, forming a very
strong hydrogen bond (@ distance =1.555 A). Quite
surprisingly, the other three water molecules acttepe
hydrogen bonds each (averag@distance = 1.920 A).
On the whole, the network consists of 24 water-niayel-
rogen bonds, and only 11 water-framework hydrogen
bonds. Also, as found for ZLMOF, the interactionsoag
water molecules are stronger than the water-framewo
ones, being the average hydrogen bdigtances equal to
1.833 A and 1.953 A, respectively (Table 3). Onrage
the H-bond interactions are slightly weaker thathi
ZMLOF minimum energy structure because of the gfron
coordination of several water oxygens (eight out&)fto
potassium cations. Sigificantly, the coordinatidrseme of
the water molecules to K also explains from a malkec
viewpoint the observation of Gigli et al that water
molecules were released in different steps in1bé °C to
244 °C interval [116]. Indeed, the water moleculeaded
to K are the last ones to be lost [116].

Differently from ZLMOF, the 12MR channels of zeelit.
do not have hydrophobic ,sections”, and so water
molecules can form a continuous structure. Howeter,
space available to water is not constant alongia@nel,
as evidenced in figure 11: the calculated maximach a
minimum diameters (without oxygen van der Waalsiyad
amount to 13.677 A and 9.804 A respectively. Thamsf
the aggregate of water molecules is shaped bynthenal
geometry of the channel. Such a behaviour is comimon
confined water, especially when the confining eowiment
is either hydrophobic, or large enough [1]. In suekes,
water forms hydrogen-bonded clusters: the greatdre
cluster’s size, the closer the behaviour is to hdlker
[164]. Here, the water molecules not bonded tarinly
accept two hydrogen bonds and donate two hydrogen
bonds, in a tetrahedral coordination environmemilar to
bulk water. Nonetheless, by observing figure 1apjpears
that the channel’s space is not completely fillgdhe 18
water molecules. Likely, additional molecules migbt
accomodated inside the channel via forced intryghurs
providing a rational for the impressive increasevafer
content (from 18 to 31 D per unit cell) recently found in
pressure-induced over-hydration of zeolite L [118)on
confinement, the water molecules tend to aggreigate
clusters, which become more stable and largeres th
loading increases due to the collective propedfake
water-water hydrogen bond network. Apparently, edl
channels provide enough room not only for the faromeof
the 18 HO aggregate at room conditions, but also for its
enlargement via pressure-induced water intrusion.

Table 4. Hydrogen bond distances (A) for the 3 water md&su
in Zeolite L channels with pentacoordinated hydrogending
environment. Average values in bold.

Interaction waterl water2 water3
HB donor to O framework  1.646  1.842  2.031
HB donor to O water 1.555 1.771 1.811
HB acceptor 1.811 1882 2.223
HB acceptor 1.884 2.002 1.960
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HB acceptor 1.771 1900 1.811
Average HB distance 1733 1867 1986

The water supramolecular organization in zeolitddo
features significant deviations from the tetrahdtek-
water coordination. As reported in Table 4, threder
molecules (waterl, water2, water3) have an unusual
hydrogen bond arrangement, resulting into a square
pyramidal coordination geometry, as shown in figl@efor
waterl. Specifically, the two hydrogen bonds wheaterl
acts as donor have lenghts of 1.646 and 1.555 Ae wie
remaining three ones (where waterl acts as acqeptor
1.811, 1.884 and 1.771 A, respectively. TheseHiydro-
gen bonds average to 1.733 A, indicating that rikerac-
tions experienced by this 5-hydrogen bonded water a
particularly strong. Interestingly, a similar sgerar
pyramidal ,hypercoordinated" geometry is foundlie t
anionic hydrogen bonded complexy(¥4) [165],[166],
which is one of the dominant solvation structui@stiie
OH ion in aqueous hydroxyde solutions [167].
Although to lesser extent, also water2 and watee3gnt a
similarly strong hydrogen bonding environment, with
average over the 5 hydrogen bond distances equaB&y
A and 1.986 A, respectively. Note that all of threster
molecules donate a hydrogen bond to a frameworgexy
located in a Si-O-Al bridge for waterl1, and in aC85i
bridge for water2/water3. The greater strenght atierd
hydrogen bonding environment may thus be ascribéid t
direct interaction with an Al-bonded bridging oxyge
which is well known to have Brgnsted base chard&&s].
Hence, all the hydrogen bond interactions are esipéd,
causing an appreciable weakening of the O-H covalen
bonds of waterl. Specifically the bond distancewsaterl
are 1.006 A and 1.032 A: while the first protomyairogen
bonded to the Si-O-Al bridge, the second one ieaf
close distance (1.556 A) with a water acceptingsingle,
very strong hydrogen bond (Table 3). The combimatib
these two ,solvated” water molecules — i.e. theyBirbgen-
bonded waterl and the close acceptor moleculeg aldth
their surrounding hydrogen bond network —might theis
considered similar to a ,pre-dissociated” statbuik wa-
ter. Notably, the above results are extracted faddrk
minimum energy structure. Presumably, both tempegat
and quantum effects (e.g.proton tunneling and/ov peint
energy) may lead to actual water dissociation. €kient is
most likely facilitated by a favorable pre-alignnef wa-
ter molecules. Water alignment has been often titén
confined spaces[169], from the one-dimensional obkn
of bikitaite and Li-ABW zeolites
[25],[26],[271,[29],[34],[35],[36],[371,[170], to arbon
nanotubes [171], whereas in bulk liquid water duéfing
of the hydrogen bonding network is needed befoosopr
transfer could take place. The peculiar local confiion
of hydrogen bonds within the channels of zeolitankpl-
ving a hypercoordinated water molecule, appearetbe
to be functional to the experimentally detectedewad-
nization under confinement. Indeed, Calzaferril etea
ported the ionic strength inside of the channelsgwery
high and acidic in hydrated zeolite L, and ascritiesl
phenomenon to a water self-ionization mechanisr2][17
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Our simulations, which have highlighted a possjirecur-
sor structure for a fully-ionized pair of water raclles,
support such an interpretation and might providthér
insight on the microscopic details of this process.

Conclusion

We have analyzed the hydrogen bonding pattern tfrwa
molecules included in zeolite L and in its ZLMOFmiIC.
Whereas water molecules in zeolite L form a comtirsu
structure inside the channel, the arrangement tdrvia
ZLMOF is more similar to a row of isolated wateusters.
This depends on the different composition of the tw
materials, as well as on the different internalrgety of
the channels. We showed that water molecules ingpart
significant energetic stabilization to the ZLMOF
framework, which increases with the water content.
Moreover, water clusters in ZLMOF are formed bystly
hydrogen bonded molecules, which also interactt-nimre
weakly — with the channels' walls. This microscopicture
of the host-guest interactions explains why ZLMQir ¢
withstand water removal, and might support the tatep
role of the water clusters during the synthesi® Th
narrowing of the internal diameter of the ZLMOF phals
due to ligands' thiomethyl groups should likelyfdisour
the incorporation of long photoactive moleculeshsas
perylene-dimmide dyes. On the other hand, the well-
defined ZLMOF cavities may provide a kind of ,istede
supramolecule” environment with regular size fa th
protection of e.g. small metal clusters with instirey
electro-optical, catalytic or magnetic propertiékso,
ZLMOF itself shows interesting intrachannel
photochemistry: it catalyzes the reduction of parafenol
and its activity greatly increases when coated wiitrer
nanoparticles[115]. With these premises, the inctusf
very small metal clusters within individual ZLMORkges
might be an intriguing development.

The one dimensional confining environment of zedlit
nanochannels, at difference from ZLMOF, is not
interrupted by idrophobic sections. Hence, watelegules
in zeolite L can form a continuous supramolecular
structure, shaped by the internal geometry of tiannel
and kept together by a complex network of intermalier
interactions. The energy stabilization of wateréwolite L
is slightly higher than in ZLMOF, but decreases by
increasing the water content. Although coordinatmn
potassium cations is energetically predominant,rkéss
are also played by the Brgnsted basicity of Al-O-Si
framework oxygens, and by the water-water inteoast]
which also exhibit both low-coordinated and hyper-
coordinated conformations. The peculiar local agesment
with a 5-hydrogen bonded zeolitic water, showeckimefor
the first time, may facilitate proton transfer arah thus be
regarded as a water pre-dissociation complex. Hexe
finement-driven hypercoordination of zeolitic wasgmpears
to be the molecular level origin of the experiméptdetec-
ted high proton activity in zeolite L nanochannels.
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