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Abstract.  
Confinement of molecules inside one dimensional arrays of 
channel-shaped cavities has led to an impressive number of 
technologically interesting materials. However, the 
interactions governing the properties of the supramolecular 
aggregates still remain obscure, even in the case of the most 
common guest molecule: water. Herein, we use 
computational chemistry methods (#compchem) to study 
the water organization inside two different channel-type 
environments: zeolite L – a widely used matrix for 
inclusion of dye molecules, and ZLMOF – the closest 
metal-organic-framework mimic of zeolite L. In ZLMOF, 
the methyl groups of the ligands protrude inside the 
channels, creating nearly isolated nanocavities. These 
cavities host well-separated ring-shaped clusters of water 
molecules, dominated mainly by water-water hydrogen 
bonds. ZLMOF channels thus provide arrays of „isolated 
supramolecule“ environments, which might be exploited for 
the individual confinement of small species with interesting 
optical or catalytic properties. In contrast, the one 
dimensional nanochannels of zeolite L contain a continuous 
supramolecular structure, governed by the water 
interactions with potassium cations and by water-water 
hydrogen bonds. Water molecules impart a significant 
energetic stabilization to both materials, which increases by 
increasing the water content in ZLMOF, while the opposite 
trend is observed in zeolite L. The water network in zeolite 
L contains an intriguing hyper-coordinated structure, where 
a water molecule is surrounded by 5 strong hydrogen 
bonds. Such a structure, here described for the first time in 
zeolites, can be considered as a water pre-dissociation 
complex and might explain the experimentally detected 
high proton activity in zeolite L nanochannels. 
 

Introduction 

An appealing way to control randomly oriented molecules 
is to use a confining matrix to impart a preferential 
orientation, which allows guest species to respond 
cooperatively to electro-optical stimulations 1. This strategy 
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has produced materials of technological relevance based on 
the collective behaviour of organized molecular objects 23,4. 
In optoelectronic devices, it is crucial that the individual 
molecular responses sum up in a fast and effective manner 
5,6. The incorporation of photoactive species in nanoporous 
matrices enhances the emission properties, as well as the 
catalytic and photocatalytic activity, 5,7–9 because strict 
confinement rules the aggregation of organic chromopho-
res.  Excitation energy transfer in artificial antenna 
systems5, for example, has concrete applications in solar 
energy technology 9,10. For these reasons, the realization of 
organized supramolecular systems in nanoporous 
frameworks is a steadily growing research area 9. Zeolite 
cages have long been exploited to create confined 
nanostructures for optoelectronics 11, like metal clusters,12–

14 quantum dots,10,15,16 or lanthanide complexes 17, and the 
practical applications of zeolite-based functional 
composites from effect pigments18, to theranostic agents 
19,20, keep on increasing in number and performances.  

Zeolite confinement also leads to intriguing assemblies of 
very simple molecules. For example, hydrophobic silicalite 
hosts water nanostructures of rather small lenght, 
nicknamed ‘‘nanoworms“ 21–23, whereas straight, water 
chains are found in the one-dimensional channel systems of  
two narrow-pore zeolites: natural bikitaite 24–33 and 
synthetic Li-ABW34–38. Size, topology and chemical nature 
of the zeolite pores are responsible of the spectacular 
diversity of supramolecular systems exhibited by zeolitic 
water, ranging from spherical clusters in LTA cages 39–41,to 
triple helices in large-pore VFI 42–44.These confined water 
aggregates also explain the high resistance of zeolites to 
mechanical stress 45–47. At very high pressure, the void-
space architecture of zeolites can promote formation of 
complex arrangement of guest molecules 48, which act as 
„pillars“  preventing thus the pressure-induced collapse of 
the framework 49–54. 

From a broader viewpoint, the study of the structural arran-
gement of water molecules in zeolite cages has greatly 
contributed to our knowledge of host-guest interactions 
1,22,55 and to its application to zeolite L hybrid composites 
56. A deeper understanding would be key to realize new 
host-guest materials guided by atomistic-level design. Inde-
ed, the insight gathered on zeolite-based hybrids has al-
ready fostered the extension of the idea to mesoporous 
silicas/organosilicas 7,57–60, 61,62, layered materials,63–66  and 
metal organic frameworks (MOF) 1,3,67,68 69–71. Yet such 
enormous field still remains little explored.  

In contrast, the implementation of zeolite L hybrids 
(framework type: LTL)72 has already accomplished practi-
cal application in strategic areas such as solar energy har-
vesting,5,73–79 photonics,80–82 and nano-medical 
technology.19,83–85 The fabrication of confined architectures 
of chromophores for photon transport 5,9,57,86–88 and other 
light-operated systems17,19,89 has made impressive progres-
ses in the last few years. On the other hand, it is still to 
clarify how the microscopic interactions within the cages 
govern the peculiar behavior of guest species, and thus the 
commercially useful features of zeolite L devices. Compu-
tational approaches applied to zeolites 49,90–93, mesoporous 
silicas 3,94–96 and MOFs97–99) are increasingly popular be-



Page 
3 (30) 
 

cause of the fundamental insight achievable through mode-
ling. Theoretical studies elucidated the organization of 
several neutral dyes 79,100–103 and cationic 
chromophores56,75,104–108 in zeolite L channels, along with 
their interaction with zeolitic framework, cations, and wa-
ter. A detailed description of the channel entrances was also 
accomplished 109, thus attaining a molecular-level view of 
the interface processes governing the fabrication of these 
materials 110. Combined with experiments, calculations 
have shown that dye-zeolite L composites can withstand 
GPa-pressures without alteration in the organization of the 
guests111, which is important for extending the application 
of zeolite-based optical devices. Could it be possible to 
exploit such knowledge to favour the progress of MOF-
based hybrid devices? 

The self-assembly of metal ions as nodes and suitable lig-
ands as spacers is a successful strategy to produce MOFs 
mimicking zeolite topologies 112,113, in spite of obvious 
differences in size of the cavities, chemical nature of the 
framework, and dimensions of the crystals. When combined 
with proper guests, MOFs they may form composites with 
exciting electro-optical properties67. MOFs having  one-
dimensional (1D) channel systems are particularly appeal-
ing for the fabrication of host-guest multifunctional hybrid 
materials 71 114. 

A nice example is the “zeolite L-mimic metal–organic 
framework (ZLMOF)“ built by Noh et al. from 
[Ag4Ni(L) 3]·3.5H2O ((L2−= 
bis(methylthio)methylenepropanedioate), which features 
so-called “caterpillar-shape nanochannels”115. This ZLMOF 
represents to date the best structural mimic of zeolite L 
(ZL), as its channels have comparable shape and size. Spe-
cifically, both zeolite L and ZLMOF channels can be sche-
matized by cylinders having, at normal conditions (298 K, 1 
atm), a maximum internal diameter of 10.268 Å 116 and 
11.970 Å 115, respectively. The free diameter of zeolite L 
channels (corresponding to the size of the channel opening) 
is 7.2 Å, while the free diameter of the ZLMOF channels is 
limited to 7.55 Å by the ligands’ thiomethyl groups115. Both 
zeolite L and ZLMOF feature hexagonal arrays of channels, 
running along the c-axis; moreover, for both as-prepared 
materials, the channels contain clusters of water molecules 
115,116.  

In spite of the close structural similarity, the channels differ 
significantly in their hydrophobicity/hydrophilicity proper-
ties: while LTL is hydrophylic due to Al framework cations 
(Si/Al ratio =3) and K+ ions in the pores, ZLMOF is partial-
ly hydrophobic owing to the thiomethyl groups protruding 
into its channel. On this basis, we expect that water mole-
cules should have different interactions when confined in 
these materials, and therefore different supramolecular 
arrangements.  

Herein we explore, with dispersion-corrected density func-
tional theory (DFT), the structural organization of water 
molecules in as-prepared Zeolite L and ZLMOF, with the 
aim of attaining an atomistic-level understanding of the 
host-water and water-water interactions in the two materi-
als. The amounts of water considered for ZLMOF and zeo-
lite L correspond to those experimentally determined at 
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equal pressure –namely, 1 atm. The study of the arrange-
ment of water molecules in the cavities could help to assess 
if water plays a significant role in the stability of this 
ZLMOF, and whether this framework might be possibly 
exploited as a nanocontainer of other species.What is the 
role played by the guest (H2O)n clusters in the ZLMOF 
formation process? On the basis of crystallographic data, 
Noh et al. hypothesized that the water clusters could act as 
templates for the building of “caterpillar-shape-channels” 
115. This reasonable argument recalls the water-cation tem-
plate effect proposed by Barrer for zeolite minerals117, yet it 
does not describe the molecular-level interactions, nor does 
it explain how water may impart stabilization to the host-
guest system.  Understanding how water molecules are 
organized in the channels of ZLMOF, how their arrange-
ments differs from water in zeolite L, and why these as-
semblies are stable, could deliver important insight on this 
unique zeolite-L mimic.  

At the same time, a careful theoretical investigation of the 
structural arrangement of water in zeolite L could be rele-
vant for improving  zeolite-L-based composites and their 
applications. Interestingly, high-pressure overhydration 
experiments on zeolite L have recently evidenced a drama-
tic increase of the water content up to 31 H2O molecules 
per unit cell (at ~ 6 GPa), against the original value of 18 
118. Such an increase (reversible upon pressure release) is 
much higher compared to other aluminosilicate 
zeolites49,50,119,120, and suggests a special affinity of water 
for zeolite L. Why is this particular zeolite so „water-
friendly“? Addressing this question could impact the practi-
cal applications of zeolite-L based hybrids because water is 
able to displace various neutral organic dyes from zeolite L 
channels101. As a matter of fact, several dye–zeolite L mate-
rials 101,121 are destroyed by exposure to air at room tempe-
rature, which is a serious problem for hybrid composites of 
neutral, non carbonylic guests. 

 Overall, the insight gathered in this work could help both 
to understand the origin of the great affinity of water for 
zeolite L, and the role played by inclusion water on the 
stability of ZLMOF.   

 

Modeling and computations 

Building of the models 

Zeolite L (framework type LTL, ideal unit cell stoichiomet-
ry K9Al 9Si27O72·mH2O, s.g.P6/mmm). The framework  is 
constitued by cancrinite cages stacked along the c axis72,122. 
This arrangement gives rise to12-membered-ring (12MR) 
channels with roughly circular section and 8-membered-
ring (8MR) channels with smaller elliptic section, both 
parallel to the c axis. These channels are connected by a 
non-planar 8MR exhibiting a so-called „boat-shape“. As 
can be seen in figure 1, the arrays of parallel 12MR chan-
nels may impart space confinement on guest species – wa-
ter, in our case. Herein, we used as guess coordinates those 
obtained by Gigli et al. by temperature-resolved synchrot-
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ron X-ray powder diffraction 116, corresponding to unit cell 
dimensions of a=18.40(4) Å and c=7.52(3)Å) at room tem-
perature and pressure (figure 1).  
 

 
Fig. 1. Hydrated zeolite L projected in the ab plane from 
crystallographic data of ref. 116, evidencing the 6MR of the can-
crinite cages, the 12MR channels and the elliptical 8MR channel 
(channels‘ axis is parallel to c.). The blue solid lines indicate the 
dimensions of the unit cell. Color codes: green, yellow  = T1,T2 
sites, corresponding to disordered Al, Si; red = framework oxygen 
sites; purple = K sites; cyan = water oxygen sites. Extraframework 
sites have fractional occupancy. 
 
These authors found three types of extraframework sites for 
the potassium cations, located as follows: (i) at the cancrini-
te cage center; (ii) in the 8MR channel, between two ad-
jacent cancrinite cages; (iii) in the 12MR channel (charac-
terized by a maximum diameter of 10.43 Å). Only these last 
sites (which have fractional occupancy) can coordinate 
water molecules, while the remaining cationic sites are 
coordinated only to framework oxygens.18 water molecules 
per unit cell were found, distributed over five partially 
occupied sites 78,116. Similar to previous observations on the 
natural analogue of zeolite L, perlialite 123, and on a Rb-
GaSi LTL sample 124, the water molecules form clusters and 
cation-water layers alternating along the c-axis, as il-
lustrated in figure 2. Among the 5 water sites, only two are 
at hydrogen-bond distance from the framework, while the 
other ones can only interact with H2O’s. The stoichiometry 
(K9Al 9Si27O72·18H2O) and unit cell parameters of our mo-
del were taken from Ref.116. 
In general, while diffraction analyses probe long‐range 
order of the crystal, the presence of randomly distributed 
guests lowers the symmetry of the framework and results in 
a loss of periodicity 125. For this reason, a fully detailed 
structural determination of the guests molecules is very 
difficult with crystallographic methods only: in most cases, 
the symmetry obtained by refinement should be interpreted 
as a configurational average over many possible disordered 
situation. Some consequences are the finding of guest 
molecules in very high-symmetry positions (which is often 
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an artifact) 125,126, and of multiple positions for the guests, 
usually in high number and with fractional occupancy, like 
in Ref. 116.This represents a problem for modeling, because 
it is necessary to single out, among the partially occupied 
crystallographic positions, those capable of reproducing the 
actual stoichiometry of the experimental system (in our 
case, 18 water molecules per cell), without introducing 
unphysical interactions (i.e. too short interatomic dis-
tances). By following these guidelines and keeping into 
account the (partial) occupation factors of the K sites and 
the water sites found by Gigli et al. 116, we set up our initial 
model for hydrated zeolite L.  

 
Fig. 2. Hydrated zeolite L projected in the ac plane (from 
crystallographic data of ref.116), representing one 12MR channel 
and its content (channel axis is parallel to c). Color codes: yellow  
= T1,T2 sites, corresponding to disordered Al, Si; purple spheres = 
K sites; cyan = water oxygen sites (in van der Waals representati-
on). Framework oxygen sites are omitted for clarity. Extraframe-
work sites have fractional occupancy. 
 
ZLMOF (unit cell stoichiometry: C36H48O31S12Ni2Ag8, 
trigonal, space group P-3, a=15.9828(3), c=7.91160(10) 
115). Diffraction data collected at room pressure 115 indicate 
two types of silver ions (Ag1, Ag2) with the following 
connectivity: i) Six silver ions (Ag1) are connected to Ni 
via the ligands L (through two oxygens and two sulfur 
atoms);  ii) Ag atoms of the second type (Ag2, occupation 
factor= 1/3 ) are bound to an oxygen and a sulfur from two 
L; iv) the Ni ions are surrounded by 6 ligand oxygens in a 
octahedral coordination, creating 3-connected nodes 115.  
This connectivity generates Ni-based hexagonal channels 
along the c-axis (figure 3). The channels have maximum 
diameter of 11.968 Å ,which becomes narrower (7.550 Å) 
in correspondence of the thiomethyl groups attached to L. 
Each channel cavity (of 8.6 ×8.6 ×4.5 Å3 size) contains a 
water cluster: 13 distinct crystallographic sites were found 
for the water oxygens. These sites have ½ occupancy, with 
the exception of the highly symmetric central one, for a 
total of 7 H2O‘s per unit cell 115.  The cavities are delimited 
by the methyl groups of the ligands, so that the water clus-
ters are separated from each other, as shown in figure 4. 
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Fig. 3. ZLMOF structure projected in the ab plane (from 
crystallographic data of ref.115), highlighting the sections of the 
caterpillar-shaped nanochannels running along c, and the 
grystallographic sites of the water oxygens (cyan spheres).The 
blue solid lines are a guide for the eye and indicate the dimensions 
of the unit cell. Color codes: small gray spheres = C sites, red = 
framework oxygen sites; yellow= S sites; big gray spheres = Ag 
sites; blue = Ni sites; cyan = water oxygen sites. Ag and water 
sites have fractional occupancy. 
 

 
Fig. 4. ZLMOF structure projected in the ac plane (from 
crystallographic data of ref.115), representing one single nanochan-
nel along c and its content. The 13 crystallographic sites of the 
water oxygens (cyan) in the channel are in the van der Waals 
representation. The light grey van der Waals spheres are the me-
thyl groups of the ligands which protrude inside the channel and 
narrow its effective diameter. The rest of the framework is re-
presented as sticks. Color codes: light gray = C sites, red = 
framework oxygen sites; yellow= S sites; dark gray spheres = Ag 
sites; cyan = water oxygen sites; white = H. Ni sites are not visible 
in this projection. Ag and water sites have fractional occupancy. 
 
Our model has the same unit cell parameters and atomic 
composition as those experimentally determined, and the 
starting configuration was taken from the X-ray 
positions.The cluster (H2O)7 was built by selecting the 
central H2O and, alternatively, three out of six water 
molecules in each of the two water rings in figure 3. Also, 
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as the Ag2 site occupancy is 1/3, only one of the three 
equivalent Ag2 positions was selected. 

Computational methods 

All calculations have been performed using the broadly 
adopted PBE approximation for DFT 127, and D2 dispersion 
corrections 128. This approach (herafter indicated as “PBE-
D2”) is widespread in solid-state simulations of 
aluminosilicates because it offers a reasonable balance 
between computing load and accuracy level in calculating 
structural parameters (lattice constants, bond angles, and 
bond lenghts) . These features have allowed to study at 
atomistic level important processes in porous materials, 
such as pressure-driven structural changes 129, 130131, gas 
adsorption 132,133, catalysis 7,90,134,135 as well as interactions, 
properties and behavior of dye/zeolite-L composites 78,79,109 
111. The cell parameters and bond lenghts / bond angles 
optimized (at 0 K) with PBE-D2 reproduce satisfactorily 
the corresponding experimental values, as evidenced by 
thorough benchmarking studies of hydrated 
aluminosilicates 136,137 and all-silica zeotypes138. Tests 
towards higher-accuracy methods performed on silica 
polymorphs 139, and aluminosilicate/aluminophosphate 
zeotypes 130, 138,140,141 provided favorable comparison as 
well. Moreover, also for finite temperature conditions this 
approach delivers good agreement between average 
framework structures (from first-principles molecular 
dynamics) and X-ray refinement data, for different water-
containing zeotypes, including zeolite L 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 principles 
molecular dynamics simulations were carried out at room 
temperature, followed by simulated annealing processes to 
bring slowly down the temperature of the system (i.e. the 
nuclear kinetic energy). Such preliminary steps were 
performed using the CPMD code 144.  

Electronic wave functions were expanded in planewaves up 
to a kinetic energy cutoff of 30 Ry (240 Ry for the density). 
In the case of hydrated zeolite L, electron–ionic core 
interactions were computed with ultrasoft Vanderbilt 
pseudopotentials for H, C, and O and with norm conserving 
pseudopotentials of the Kleinman-Bylander form and 
nonlinear core corrections for Si, Al, and K145–147. This 
electronic structure computational scheme provided a 
proper description of various zeolite L hybrids 78,79,109 109–111 
and other organic–inorganic materials 148–153, thus 
representing a well-tested strategy for the modeling of 
complex supramolecular systems. The PBE-D2 approach has 
been also widely adopted in MOFs modeling, for example to 
study the hydrogen and carbon dioxide adsorption sites in 
ZIF-8 and other isostructural systems 133, acetylene and 
methane adsorption in the pores of metal formates with 
different metal centres (Mg, Mn, Fe, Co, Zn) 154, or the 
gate-opening process in ZIFs of sodalite topology 155. Also, 
a very recent benchmarking investigation clearly underlines 
that dispersion corrected PBE-based functionals provide 
reasonably accurate results in reproducing the structural 
properties of MOFs with open porosities 156.  
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Nonetheless, pure DFT has known limitations in treating 
properties such as magnetization in open-shell transition 
metal atoms157,158. A widespread and more computationally 
convenient way to overcome such limitations is the use of 
Hubbard corrections159,160. Hence, we enhanced the PBE-
D2 approach by applying Hubbard U corrections to the 
localized d electrons of 3d transition metals. Specifically, 
for Ni we used a U value of 6.4 eV, as proposed in Ref. 161. 
The electron-ionic cores interactions for all atoms in 
ZLMOF were treated exclusively with ultrasoft 
pseudopotentials 145. Unit cell parameters were kept fixed to 
the experimental ones 115.  

During geometry optimizations performed on both ZL and 
ZLMOF, all atomic coordinates were left free to move. 
Optimizations were considered to be converged for values 
of maximum force on the ions below 1.×10-5 hartree/bohr. 
The Brillouin zone was sampled using a 1x1x2 mesh. In the 
case of ZLMOF, the open shell configuration of Ni was 
treated by giving independent magnetization to the two Ni 
atoms in the simulation cell. The two possible cases were 
considered: ferromagnetic arrangement (Ni1=1/2, Ni2=1/2) 
and antiferromagnetic arrangement (Ni1=1/2, Ni2= -1/2).  

For both Zeolite L and ZLMOF, the stabilization energy of 
the hydrated materials with respect to the isolated 
components (i.e. the framework and  the water molecules) 
was determined via the following equations: 

∆E(ZL·18 H2O)=E(ZL·18 H2O) –E(dry ZL) –18× E(H2O) 

∆E(ZLMOF·7 H2O)=E(ZLMOF·7 H2O) –E(dry ZLMOF) –
7× E(H2O) 

Where E(ZL·18 H2O) / E(ZLMOF 7 H2O) is the energy of 
the optimized hydrated ZL/hydrated ZLMOF) respectively, 
E(dry ZL) /E(dry ZLMOF) is the energy of the empty 
ZL/ZLMOF, respectively, and E(H2O) is the energy of an 
isolated water molecule. 

In addition, to estimate the adsorption energy of a single 
water molecule inside the considered host materials, two 
further models were built and optimized, consisting of one 
water molecule per ZL and  ZLMOF unit cell, respectively, 
using the same simulation parameters adopted for the 
previously described model systems. The stabilization 
energy of these models with respect to the isolated 
components was calculated as follows: 

∆E(ZL·1H2O)=E(ZL·1H2O) –E(dry ZL) – E(H2O) 

∆E(ZLMOF·1H2O)=E(ZLMOF·1 H2O) –E(dry ZLMOF) –
E(H2O) 

Finally, in the data analysis performed on both systems, the 
following cutoff distances were assumed for evaluating 
hydrogen bond interactions: O-O=3.4 Å; O-H = 2.3 Å. 

Results and discussion 

ZLMOF 

The energetics of water molecules inside ZLMOF was 
investigated firstly by calculating the stabilization energy of 
a single water molecule (per ZLMOF unit cell) with respect 
to the isolated constituents of the host-guest system 
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(namely, the water molecule and the bare ZLMOF 
framework). These calculations revealed that the anhydrous 
ZLMOF is stable, in line with the experimental observation 
that the ZLMOF can sustain dehydration without collapse 
of the framework structure 115, and that the stabilization 
energy of a water molecule inside ZLMOF amounts to -
13.05 kcal/mol – hence, a value significantly higher than 
those typical of hydrogen bonds (̴ 5 kcal/mol). Indeed, the 
optimized structure of ZLMOF·1H2O evidences that the 
water molecule not only forms a strong hydrogen bond with 
a carboxylate oxygen of the ligand (1.797 Å), but it also 
weakly interacts with another carboxylate oxygen of the 
same ligand molecule (d=2.815 Å). A closer inspection of 
the geometry of the ligand in the dry ZLMOF and in the 
ZLMOF·1H2O models reveals that the C-O distances of the 
oxygens involved in the interactions with water change 
from 1.254 Å and 1.264 Å in the dry model to 1.262 Å and 
1.263 Å in the  ZLMOF·1H2O system. This result suggests 
that water increases the conjugation of the carboxyl groups 
thus imparting, besides hydrogen bonding and van der 
waals interactions, additional stabilization to the 
ZLMOFframework – in particular to the ligands. 
 
To determine the water arrangement and the related 
energetics inside hydrated ZLMOF, we performed 
geometry optimizations of models having the same unit cell 
stoichiometry (namely, C36H48O31S12Ni2Ag8  7 H2O) but 
different starting distributions of the water molecules. As a 
general remark, the first important result of these 
calculations is that the structures with ferromagnetic and 
antiferromagnetic arrangements of the Ni ions were found 
to be isostructural and isoenergetic. This finding can be 
rationalized by noting that Ni centers are very far from each 
other, the closest Ni-Ni separation being 7.912 Å. 
 
From the optimizations we obtained two configurations 
separated by 7.01 kcal/mol energy difference. The 
minimum energy structure (MIN), reported in figure 5, 
exhibits a ring of seven water molecules, hydrogen bonded 
among each other and with the framework (ligand) 
oxygens. The other structure (CENT, figure 6) features one 
molecule at the channel center, surrounded by other six 
H2O‘s forming a ring; also in this case, the water molecules 
are hydrogen bonded both to each other and with ligand 
oxygens. The stabilization energies calculated for the MIN 
and CENT structures amount to -117.22 and to -110.21 
kcal/mol, respectively. 
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Figure 5. Minimum energy structure of hydrated ZLMOF, 
containing 7 water molecules per unit cell (projection in the ab 
plane). Color codes: small gray spheres = C, red = ligand oxygens; 
yellow= S; big gray spheres = Ag; blue = Ni; cyan = water 
oxygens; white=H. Hydrogen bonds are in red.  

 
Figure 6. Hydrated ZLMOF structure (7 H2O’s per unit cell) 
exhibiting a water molecule at the channel center (projection in the 
ab plane). Only the H2O‘s and the ligands atoms delimiting one 
channel are shown. Color codes: small gray spheres = C, red = 
ligand oxygens; yellow= S; big gray spheres = Ag; cyan = water 
oxygens; white=H. Hydrogen bonds are in red.  

 
This means that the energetic stabilization of a single water 
molecule in the MIN and CENT structure amounts to -
16.75 and -15.74 kcal/mole, respectively: hence, even 
greater than that found for a single water molecule hosted 
in ZLMOF (-13.05 kcal/mol). This result is interesting, 
because it indicates that the stabilization of a water 
molecule in ZLMOF increaseswith the water content, due 
to the formation of water-water hydrogen bonds, and 
presumably also to the strenghtening of the water-ZLMOF 
stabilizing interactions in the as-prepared material with 
respect to ZLMOF·1H2O system.   
Intriguigly, in both structures the water network is formed 
by seven hydrogen bonds, and it is connected to the 
channel‘s ligand oxygens by six hydrogen bonds. If we take 
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the hydrogen bond distances as a measure of the strenght of 
hydrogen bonds, comparison of the values obtained for 
these two arrangements (Table 1), suggests that in the MIN 
structure the water network is stronger and interacts more 
favorably with the ZLMOF channel walls. In particular, the 
average water-water and water-ligand hydrogen bond 
distances in the minimum energy structure amount to 1.773 
Å and 1.952 Å respectively. Such separations become both 
appreciably longer for the CENT structure – namely 1.887 
Å and 2.016 Å, respectively. Therefore, the higher stability 
of the MIN structure with respect to CENT may be ascribed 
to the greater strenght of the hydrogen bonding network. 

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

MIN1      CENT2   

 Water 
water 

Water-
ligand 

    Water 
water 

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 1.773 1.952     1.887 2.016 

O-O 2.769 2.905     2.858 2.988 

1MIN= minimum energy structure (figure 5); 2CENT=central water 
structure (figure 6). 

Also importantly, in both structures the water-water 
hydrogen bonds are significantly shorter than the water-
ligand oxygen ones, indicating that the water interacts more 
strongly with itself than with the framework. This is in line 
with what found for water in zeolites, mesoporous silicas, 
or layered materials. Indeed, the predominance of the 
water-water interactions is a rather general aspect of the 
collective properties of water when confined in nanosized 
cavities, irrespective from the hydrophobic or hydrophilic 
character of the enviroment 1. 

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

MIN1    CENT2   
 Ag1-O Ag1-S   Ag1-O Ag1-S 
 2.344 2.443   2.334 2.443 
 2.726 2.505   2.762 2.489 

Av 2.535 2.474  av 2.548 2.466 
Exp 2.330 2.457  exp 2.330 2.457 
 2.537 2.507   2.537 2.507 

exp av 2.434 2.482  exp av 2.434 2.482 

 Ag2-O Ag2-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 
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 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  

1MIN= minimum energy structure (Fig. 5); 2CENT=central water structure 
(Fig. 6). Average values (av) in bold, experimental values 115 in italic. 
Comparison with experiment is reported only for sites with occupancy=1. 

As above specifed, the water clusters do not join to form a 
continuous structure along the channel, as they are well 
separated from each other. This happens because the 
thiomethyl groups attached to L tighten the free diameter of 
the channel to 7.538 Å, well in line with the experimental 
value of 7.550 Å. This situation can be visually understood 
by observing figure 7: the methyl groups protruding inside 
the channel form a hydrophobic section, which prevents the 
formation of a continuous supramolecular water aggregate 
along the ZLMOF channel. 

 

Fig. 7. Minimum energy structure of hydrated ZLMOF projected 
in the ac plane, representing one channel along c and its content (7 
H2O‘s molecules, in wan der Waals representation). The light grey 
van der Waals spheres are the ligands‘ methyl groups which 
protrude in the channel interior and narrow the internal diameter. 
The rest of the framework is shown as sticks. Color codes: light 
gray = C, red = framework oxygens; yellow= S; dark gray spheres 
= Ag; cyan = water oxygens; white = H.  
 
Notably, the interaction of the water molecules with the 
ligand oxygens affects the metal-ligand coordination 
distances (Table 2). Indeed, each Ag1 is coordinated to two 
ligand oxygens, but the coordination distances are signifi-
cantly different: there is a longer one, 2.726 Å, and a shor-
ter one, 2.344 Å – in line with what found experimentally. 
As shown by the data in Table 2, both MIN and CENT 
structures share this feature. The longest Ag1-O distances 
always involve the ligand oxygens forming a hydrogen 
bond with a water proton. Hence, interaction of a ligand 
oxygen with water through hydrogen bonding has the effect 
of weakening the coordination of this oxygen to the metal 
center.  
Although to a lesser extent, also the two Ag1-S distances 
differ: each Ag1 is bound to two sulphur atoms with coor-
dination distances of 2.505 Å and 2.443 Å, respectively. 
Compared to the Ag1-O case, the much lower difference 
between the Ag1-S distances can be explained by noting 
that, unlike oygens, the sulfur atoms of the ligands do not 
directly interact with water molecules through hydrogen 
bonding.  
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Similarly, water molecules are not hydrogen bonded to the 
coordination environments of Ag2 and Ni, and their structu-
ral effects are therefore barely significant (see Table 2). For 
instance, the average Ni-O coordination distances in the 
MIN and CENT structure are very similar (2.105 and 2.108 
Å, respectively) in spite of the different arrangement of 
water (cfr. figures 5 and 6). 
In summary, three main points emerge from our analysis: 
i)the stabilization energy per water molecule increases with 
the water content – i.e. in passing from  ZLMOF·1H2O to 
ZLMOF·7H2O;  ii) waters in ZLMOF are strongly bound 
with themselves and less strongly with the ligands; iii) the 
presence of water essentially affects the coordination of 
Ag1 via hydrogen bond with one ligand oxygen, resulting 
into a weaker Ag1-O bond.  
Taken as a whole, these results rationalize two remarkable 
experimental observations: i) the stability of the water 
aggregate (desorption occurs at ~125 °C); ii) ZLMOF 
resistance to water removal 115. Indeed, besides the 
stabilizing hydrogen-bond interactions and water-induced 
conjugation enhancement of the ligand carboxyl groups, the 
resilience of the supramolecular water clusters towards 
desorption is also due to their strict confinement in 
individual cavities, which act as a protective environment 
towards external agents or high temperature conditions. 
Also, the weak interaction of water with the metal 
coordination environment ensures that water removal 
would not drastically affect the stability of the ZLMOF 
framework. 

Zeolite L 

Similarly to ZLMOF, in order to assess the energetics,we 
calculated the stabilization energy of one water molecule 
(per ZL unit cell) with respect to the isolated water 
molecule and bare ZL framework. We found that this 
quantity amounts to -20.42 kcal/mol – a value well in line 
with those reported in previous studies on water in ZL. This 
value is sensibly higher than the energy of a water molecule 
in ZLMOF because of the strong interaction of water with 
ZL K+ cations. Indeed, the optimized structure of ZL·1H2O 
evidences that the water molecule not only forms a strong 
hydrogen bond with a carboxylate oxygen of the ligand 
(1.866 Å), but it is also strongly bound to an 
extraframework potassium cation (d=2.716 Å). 
The minimum energy structure calculated for hydrated 
zeolite L(figure 8) is stabilized by-326.74 kcal/mole with 
respect to the isolated components: this indicates that the 
stabilization energy of a single water molecule in ZL 
amounts to-18.15 kcal/mol. This value is only slightly 
higher than the corresponding value (-16.75 kcal/mol) 
found for ZLMOF at the same conditions, and, remarkably, 
is lower than the stabilization of a single water molecule in 
the LTL framework. Hence, the present energetic analysis 
highlights that the energy stabilization of a water molecule 
decreases with the water content in zeolite L, following 
thus an opposite trend respect to that found for ZLMOF. As 
deduced from the minimum energy geometry, the reason 
for this behaviour lies mainly in the increased competition 
of water molecules to bind with the potassium cations in the 
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ZL·18 H2O hydrated material. This system has a network of 
hydrogen bonds more extended and complex with respect 
to ZLMOF, due to the greater number of water molecules 
per unit cell. In addition to water and framework oxygens, 
the network involves K+ cations as well: the 
extraframework cations play a mayor role in governing the 
organization of water in zeolites 1,162,163, and zeolite L is no 
exception102,105. In this view, we thorougly analyze the 
connectivity of the water aggregates starting from the 
environment of potassium cations.  
In our model, 4 of the 6 available K sites close to the main 
12MR channel (KD sites according to Gigli et al, with 3.8 
occupancy116) are occupied by potassium cations. These K+ 
are the only ones that can interact with water. Each K+ is 
coordinated to at least two water molecules and five 
framework oxygens, with an average coordination number 
of 7.75 (assuming a cutoff distance of 3.2 Å) . Specifically, 
two K+ are coordinated to 2 water molecules (average K-O 
distance: 2.734 Å) and the other two to three H2O‘s, with 
average distance of 2.758 Å (Table 3). 

 

Fig. 8. Minimum energy structure of hydrated zeolite L (ZL·18 
H2O)projected in the ab plane. The blue solid lines indicate the unit cell. 
Color codes: yellow  = Si, green = Al, red = framework oxygens; purple = 
K; cyan = water oxygens, white=H. Blue dashed lines indicate the 
hydrogen bonds. 

 

Fig. 9. Minimum energy structure of hydrated zeolite L (ZL·18 H2O) 
projected in the ac plane, representing one single channel along c and its 
content (18 H2O‘s per unit cell). Colors: yellow  = Si, green = Al, purple = 
K, cyan = water O, white=H. Framework O omitted for clarity. 
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Fig. 10. Perspective view of zeolite L minimum energy structure 
showing the peculiar 5-hydrogen-bond (5-HB) arrangement (in 
ball-and-stick and dashed blue lines). 3 out of 18 H2O’s per unit 
cell have 5-HB. Color codes: yellow  = Si, green  = Al, red sticks 
= framework O; purple = K; cyan sticks = water O, white=H, red 
spheres = oxygens involved in the 5-HB structure. Blue dashed 
lines=5-HB, red dashed lines=the full hydrogen bonding network. 

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

Interaction distance 

K-O(2w) 2.734 
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 coordinated to the 4 
K+. Two H2O‘s are bound each to two K+ concomitantly, 
and therefore cannot act as acceptors of hydrogen bonds. 
Among the other 6 molecules, each bound to a single K+, 
only two accept an hydrogen bond from a water proton, 
with rather short hydrogen-bond separation (average value 
=1.754 Å), indicating a strong interaction (Table 3). 
The remaining 10 water molecules per unit cell are not 
directly coordinated to K. Six of them accept two hydrogen 
bonds (average hydrogen bond distance = 1.804 Å),while 
one H2O interacts with only one proton, forming a very 
strong hydrogen bond (O⋅⋅⋅H distance =1.555 Å). Quite 
surprisingly, the other three water molecules accept three 
hydrogen bonds each (average O⋅⋅⋅H distance = 1.920 Å).  
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On the whole, the network consists of 24 water-water hyd-
rogen bonds, and only 11 water-framework hydrogen 
bonds. Also, as found for ZLMOF, the interactions among 
water molecules are stronger than the water-framework 
ones, being the average hydrogen bond  distances equal to 
1.833 Å and 1.953 Å, respectively (Table 3). On average 
the H-bond interactions are slightly weaker than in the 
ZMLOF minimum energy structure because of the strong 
coordination of several water oxygens (eight out of 18) to 
potassium cations. Sigificantly, the coordination of some of 
the water molecules to K also explains from a molecular 
viewpoint the observation of Gigli et al that water 
molecules were released in different steps in the  101 °C to 
244 °C interval 116. Indeed, the water molecules bonded to 
K are the last ones to be lost 116. 
Differently from ZLMOF, the 12MR channels of zeolite L 
do not have hydrophobic „sections“, and so water 
molecules can form a continuous structure. However, the 
space available to water is not constant along the channel, 
as evidenced in figure 9: the calculated maximum and 
minimum diameters (without oxygen van der Waals radii) 
amount to 13.677 Å and 9.804 Å respectively. Therefore, 
the aggregate of water molecules is shaped by the internal 
geometry of the channel. Such a behaviour is common to 
confined water, especially when the confining environment 
is either hydrophobic, or large enough 1. In such cases, 
water forms hydrogen-bonded clusters: the greater is the 
cluster’s size, the closer the behaviour is to bulk water 164. 
Here, the water molecules not bonded to K+ mainly accept 
two hydrogen bonds and donate two hydrogen bonds, in a 
tetrahedral coordination environment similar to bulk water. 
Nonetheless, by observing figure 9, it appears that the 
channel’s space is not completely filled by the 18 water 
molecules. Likely, additional molecules might be 
accomodated inside the channel via forced intrusion, thus 
providing a rational for the impressive increase of water 
content (from 18 to 31 H2O per unit cell) recently found in 
pressure-induced over-hydration of zeolite L 118. Upon 
confinement, the water molecules tend to aggregate in 
clusters, which become more stable and larger as the 
loading increases due to the collective properties of the 
water-water hydrogen bond network. Apparently, zeolite L 
channels provide enough room not only for the formation of 
the 18 H2O aggregate at room conditions, but also for its 
enlargement via pressure-induced water intrusion. 

Table 4. Hydrogen bond distances (Å) for the 3 water molecules 
in Zeolite L channels with pentacoordinated hydrogen bonding 
environment. Average values in bold.  

Interaction water1 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 1.882 2.223 
HB acceptor 1.884 2.002 1.960 
HB acceptor 1.771 1.900 1.811 

Average HB distance 1.733 1.867 1.986 

 
The water supramolecular organization in zeolite L also 
features significant deviations from the tetrahedral bulk-
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water coordination. As reported in Table 4, three water 
molecules (water1, water2, water3) have an unusual 5-
hydrogen bond arrangement, resulting into a square 
pyramidal coordination geometry, as shown in figure 10 for 
water1. Specifically, the two hydrogen bonds where water1 
acts as donor have lenghts of 1.646 and 1.555 Å, while the 
remaining three ones (where water1 acts as acceptor) are 
1.811, 1.884 and 1.771 Å, respectively. These five hydro-
gen bonds average to 1.733 Å, indicating that the interac-
tions experienced by this 5-hydrogen bonded water are 
particularly strong. Interestingly, a similar square-
pyramidal „hypercoordinated“ geometry is found in the 
anionic hydrogen bonded complex (H9O5

-) 165,166, which is 
one of the dominant solvation structures for the OH- ion in 
aqueous hydroxyde solutions 167. 
Although to lesser extent, also water2 and water3 present a 
similarly strong hydrogen bonding environment, with 
average over the 5 hydrogen bond distances equal to 1.867 
Å and 1.986 Å, respectively. Note that all of three water 
molecules donate a hydrogen bond to a framework oxygen, 
located in a Si-O-Al bridge for water1, and in a Si-O-Si 
bridge for water2/water3. The greater strenght of water1 
hydrogen bonding environment may thus be ascribed to its 
direct interaction with an Al-bonded bridging oxygen – 
which is well known to have Brønsted base character 168. 
Hence, all the hydrogen bond interactions are emphasised, 
causing an appreciable weakening of the O-H covalent 
bonds of water1. Specifically the bond distances of water1 
are 1.006 Å and 1.032 Å: while the first proton is hydrogen 
bonded to the Si-O-Al bridge, the second one is at very 
close distance (1.556 Å) with a water accepting one single, 
very strong hydrogen bond (Table 3). The combination of 
these two „solvated“ water molecules – i.e. the 5-hydrogen-
bonded water1 and the close acceptor molecule, along with 
their surrounding hydrogen bond network –might thus be 
considered similar to a „pre-dissociated“ state in bulk wa-
ter. Notably, the above results are extracted from a 0 K 
minimum energy structure. Presumably, both temperature 
and quantum effects (e.g.proton tunneling and/or zero point 
energy) may lead to actual water dissociation. This event is 
most likely facilitated by a favorable pre-alignment of wa-
ter molecules. Water alignment has been often detected in 
confined spaces169, from the one-dimensional channels of 
bikitaite and Li-ABW zeolites 25–27,29,34–37,170, to carbon 
nanotubes 171, whereas in bulk liquid water a reshuffling of 
the hydrogen bonding network is needed before proton 
transfer could take place. The peculiar local conformation 
of hydrogen bonds within the channels of zeolite L, invol-
ving a hypercoordinated water molecule, appears therefore 
to be functional to the experimentally detected water io-
nization under confinement. Indeed, Calzaferri et al. re-
ported the ionic strength inside of the channels to be very 
high and acidic in hydrated zeolite L, and ascribed this 
phenomenon to a water self-ionization mechanism 172. Our 
simulations, which have highlighted a possible precursor 
structure for a fully-ionized pair of water molecules, sup-
port such an interpretation and might provide further insight 
on the microscopic details of this process. 
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Conclusion 

We have analyzed the hydrogen bonding pattern of water 
molecules included in zeolite L and in its ZLMOF mimic. 
Whereas water molecules in zeolite L form a continuous  
structure inside the channel, the arrangement of water in 
ZLMOF is more similar to a row of isolated water clusters. 
This depends on the different composition of the two 
materials, as well as on the different internal geometry of 
the channels. We showed that water molecules impart a 
significant energetic stabilization to the ZLMOF 
framework, which increases with the water content. 
Moreover, water clusters in ZLMOF are formed by strongly 
hydrogen bonded molecules, which also interact – but more 
weakly – with the channels‘ walls. This microscopic picture 
of the host-guest interactions explains why ZLMOF can 
withstand water removal, and might support the template-
role of the water clusters during the synthesis. The 
narrowing of the internal diameter of the ZLMOF channels 
due to ligands‘ thiomethyl groups should likely disfavour 
the incorporation of long photoactive molecules such as 
perylene-dimmide dyes. On the other hand, the well-
defined ZLMOF cavities may provide a kind of „isolated 
supramolecule“ environment with regular size for the 
protection of e.g. small metal clusters with interesting 
electro-optical, catalytic or magnetic properties. Also, 
ZLMOF itself shows interesting intrachannel 
photochemistry: it catalyzes the reduction of paranitrofenol 
and its activity greatly increases when coated with silver 
nanoparticles115. With these premises, the inclusion of very 
small metal clusters within individual ZLMOF cages might 
be an intriguing development. 

The one dimensional confining environment of zeolite L 
nanochannels, at difference from ZLMOF, is not 
interrupted by idrophobic sections. Hence, water molecules 
in zeolite L can form a continuous supramolecular 
structure, shaped by the internal geometry of the channel 
and kept together by a complex network of intermolecular 
interactions. The energy stabilization of water in zeolite L 
is slightly higher than in ZLMOF, but decreases by 
increasing the water content. Although coordination to 
potassium cations is energetically predominant, key roles 
are also played by the Brønsted basicity of Al-O-Si 
framework oxygens, and by the water-water interactions, 
which also exhibit both low-coordinated and hyper-
coordinated conformations. The peculiar local arrangement 
with a 5-hydrogen bonded zeolitic water, showed herein for 
the first time, may facilitate proton transfer and can thus be 
regarded as a water pre-dissociation complex. Hence, con-
finement-driven hypercoordination of zeolitic water appears 
to be the molecular level origin of the experimentally detec-
ted high proton activity in zeolite L nanochannels. 
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