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Abstract. The present study focuses on the assembly of organo-cations with organo-anions in
water. The anions, characterized by symmetric moieties (carbon-, adamantane- or calixarene-
based) functionalized with directional hydrogen bond (HB) acceptor functions (tetra-sulfonate
moieties), are combined with planar guanidinium or terephtalimidamide cations as hydrogen
bond donors, the purpose being to integrate water molecules into the lattice. The imbalance
between the charge on the two components, and the considerable number of HB donor and
acceptor sites, promotes the insertion of water into the structures. In the reported structures, a
part of the water molecules serves as a structural linker between the anions and cations while
the remaining molecules cluster into channels and cavities in a loose association with the

supramolecular matrix framework.
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Introduction

Fully organic ionic solids integrate electrostatic interactions with hydrogen bonding (HB),”
> weak interactions®’ and shape factors to sustain crystal assemblies.®? Thus, organic molecules
of opposite charge promote the formation of supramolecular buildings where electro neutrality
and stoichiometry are dominant structure-directing features.!*!* The self-assembly of charged

organic molecules'*!'® for the formation of crystalline architecture is based on the coupling of

17,18 19-24 25-28

complementary charged functionalities, such as carboxylate and sulfonate anions
with ammonium,? or sulfonate®® with other organo-cations. In this context, a wide range of
two-component supramolecular structures?=%3!2 has been fabricated, especially during the
last few years. The construction of complex crystal architectures implies both the
multiplication of organic functionalities on the same molecule and control over their space
orientation.>*~3* The degree of complexity increases progressively with the use of multi-dentate
molecular struts combined with the planar and 3D geometries of the components.

The probability of hydrate formation is enhanced by introducing multiple functionalities,
especially when there is an uneven number of HB donors and acceptors, as well as increased
molecule complexity, which promotes ineffective packing.’*® Moreover, the ionic nature of

organic moieties makes them compatible with aqueous media, feeding the structure with water

as an additional and constructive building element.’*3**#! From the applicative point of view,



hydrate formation is a central issue in pharmaceutical applications,*>*’

providing enhanced
solubility, stability and response to the environment compared to the anhydrous precursors.
The water molecules contained in the lattice can usually be divided into two categories with
two different roles: one is structural, the water molecules serving to sustain the lattice
architecture, the second relates to the occupation of cavities formed by hydrogen bonded
components.' Accordingly, channels, pores, and discrete pockets contain water in clusters of
different size.** In the present work, while investigating the aggregation of organic molecules
bearing multiple charges, we found interesting hydrated structures and discriminated between
hard and soft host/water interactions. We were intrigued by the 3D geometries of the building-
blocks and explored a few poly-functional organosulfonates self-assembled with mono- or
organo-di-cations (Scheme 1). Our investigation encompassed tetrahedral and conical
orientation of the sulfonate groups. We obtained six charge-assisted hydrogen bonded organic
frameworks, which were studied by spectroscopic techniques ('H-NMR, IR) and thermal
methods (TGA and DSC). Crystals suitable for conventional and synchrothron radiation X-ray
diffraction characterization were grown from aqueous media and their single crystal X-ray
structures were determined. The comparison of the structural features of these charge-assisted

systems allowed us to highlight the role of multidentate charged molecules in the formation of

structures, and the tendency to integrate matrix and water molecules into crystal architectures.
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Scheme 1. Schematic representation of anionic(red)/cationic(blue) components used to

synthetize charged organic-molecule suprastructures.

EXPERIMENTAL SECTION

4,4°,4°° 4°°-Methanetetrayltetrabenzenesulfonic acid (H4TFMS), 4,4°,4°°,4>"’-(adamantane-
1,3,5,7-tetrayl)tetrabenzenesulfonic acid (H4TFAS), terephtalimidamide hydrochloride
(PAM-HCI) and [1,1’-biphenyl]-4,4’-bis(carboximidamide) dihydrochloride (BPAM-2HCI)
were prepared as previously described, or as reported in literature, and used in their protonated
forms.*# Guanidinium hydrochloride (GN-HCI), 4-sulfocalix[4]arene (H4CXS) and all
solvents used for synthesis and crystallization were commercially available and used as
received. NMR spectra were recorded on Bruker AVANCE III (400 MHz). Chemical shifts ()
for 'H spectra were referenced using internal solvent resonances and are reported relative to
tetramethylsilane (TMS). According to 'H-NMR, the ratio between cationic and anionic
components is easily evaluated, and the amount of water in the molecular adduct is calculated
by subtracting the one found in the deuterated solvent considered as blank. FT-IR spectra
(4000700 cm ') were recorded on a Nicolet Nexus spectrophotometer equipped with a Smart
Orbit HATR accessory (diamond crystal). Differential Scanning Calorimetry (DSC) data were
recorded on a Mettler Toledo Stare DSCI1 analysis system equipped with low temperature
apparatus. The experiments were run under nitrogen atmosphere in standard 40 pL Al pans.
The DSC analyses were performed from 25°C to 200°C (10 °C/min) to study the
transformation related to water and solvent molecule loss, and to compare them to crystal
structure information. Thermogravimetric analysis (TGA) was collected on a Perkin Elmer

instrument (samples mass approx. 5-10 mg) from 25 to 400 °C under nitrogen flow (80



mL/min). See Supporting Information for details on 'H-NMR and IR spectroscopy, TGA and

DSC analysis.

Synthesis

Synthesis of 1. H4TFMS (27.4 mg, 0.032 mmol) dissolved in 0.5 mL of MeOH was gently
added to a solution of GN-HCI (12.2 mg, 0.128 mmol) in 0.5 mL of MeOH in an open vial.
After 24 hours, white crystals suitable for X-ray data collection were obtained from the
solution, corresponding to (GN)4(TFMS)-8H>O (1). The solid was filtered out and vacuum

dried (17 mg, yield 62%).

Synthesis of 2. H4TFMS (20.5 mg, 0.024 mmol) was dissolved in a mixture of 0.1 mL of
NaOH (1 M), 0.9 mL of water and 3.0 mL of THF. To the mixture, BPAM-2HCI (14.9 mg,
0.048 mmol) dissolved in 1 mL of water and 2.5 mL of THF was added. After 24 hours, light
yellow crystals suitable for X-ray data collection were obtained from the solution,
corresponding to (BPAM)2(TFMS)-13H20 (2). The solid was filtered out and vacuum dried

(17 mg, yield 67%).

Synthesis of 3. H4TFAS (18.4 mg, 0.024 mmol) was dissolved in a mixture of 0.1 mL of
NaOH (1 M), 0.9 mL of water and 1.0 mL of EtOH. To the mixture, PAM-HCI (11.3 mg,
0.048 mmol) dissolved in 1.0 mL of water and 1.0 mL of EtOH was added. After 24 hours,
white crystals suitable for X-ray data collection were obtained from the solution, corresponding

to (PAM)2(TFAS)-9H>0 (3). The solid was filtered out and vacuum dried (16 mg, yield 63%).

Synthesis of 4. H4TFAS (9.2 mg, 0.012 mmol) was dissolved in a mixture of 0.05 mL of
NaOH (1 M), 0.45 mL of water and 2.0 mL of MeOH. To the mixture, BPAM-2HCI (7.5 mg,

0.024 mmol) dissolved in 0.5 mL of water and 1 mL of MeOH was added. After 24 hours,



white crystals suitable for X-ray data collection were obtained from the solution, corresponding
to (BPAM)(TFAS) 6.4H>O-3.6MeOH (4). The solid was filtered out and vacuum dried (12

mg, yield 78%).

Synthesis of 5. H4CXS (17.8 mg, 0.024 mmol) dissolved in 0.4 mL of water and 0.5 mL of
MeOH, was gently added a solution of PAM-HCI (11.3 mg, 0.048 mmol) in 0.75 mL of water.
After 24 hours, white crystals suitable for X-ray data collection were obtained from solution,
corresponding to (PAM),CXS-4H>O 0.5MeOH (5). The solid was filtered out and vacuum

dried (16 mg, yield 64%).

Synthesis of 6. H4CXS (8.9 mg, 0.012 mmol) dissolved in 0.5 mL of water and 1.0 mL of
MeOH, was gently added to a solution of BPAM-2HCI (7.5 mg, 0.024 mmol) dissolved in 0.5
mL of water and 1 mL of MeOH. After 24 hours, white crystals suitable for X-ray data
collection were obtained from the solution, corresponding to (BPAM)»(CXS) 8H>0-2CH;0H

(6). The solid was filtered out and vacuum dried (12 mg, yield 79%).

X-ray Diffraction

A summary of data collection and structure refinement for 1-6 is reported in the Supporting
Information Table S3. Single crystal data for 1, 3 and 6 were collected with a Bruker Smart
APEXII at 200 K, whereas data for 2 were collected with a Bruker D8 Photonll at 100 K, Mo
Ka: A =0.71073 A. The intensity data were integrated from several series of exposure frames
(0.3° width) covering the sphere of reciprocal space.** Absorption correction was applied using
the program SADABS.** The data collection for 4 and 5 was performed at the X-ray diffraction
beamline (XRD1) of the Elettra Synchrotron, Trieste (Italy).’! Datasets were collected at 100
K through the rotating crystal method. Completeness was obtained by merging two different

data collections done on the same crystal, mounted with different orientations. Data were



acquired using a monochromatic wavelength of 0.700 A on a Pilatus 2M hybrid-pixel area
detector. The diffraction data were indexed and integrated using XDS.’? Scaling was done
using CCP4-Aimless code.’>** The structures were solved by the dual space algorithm
implemented in the SHELXT code.* Fourier analysis and refinement were performed by the
full-matrix least-squares method based on F2 implemented in SHELXL-2014.>® Graphical

material was prepared with the Mercury 3.9 program.®’

Results and discussion

Single crystal X-ray structures were determined for compounds 1-6. In all systems, there can
be identified three components, namely organo-cation, organo-anion and water/solvent
molecules. The invariant feature of the organo-anion is the presence of four sulphonate groups
that in TFMS and TFAS are oriented along the vertices of a tetrahedron; whereas in CXS they
are oriented on the same side of the calixarene platform (Scheme 2). The sulphonate groups
are expected to act as HB acceptors. As far as the organo-cations are concerned, the doubly
charged PAM and BPAM exhibit the same number of HB donor groups (four NH> moieties),
and their main difference derives from the additional torsional degree of freedom imparted by
the biphenyl system in BPAM with respect to PAM. The smaller organo-cation of the series is
GN, which exhibits three NH> groups arranged in a regular trigonal planar geometry bearing a
single positive charge. The nature of the cation implies that six to eight HBs can be formed for
GN and PAM/BPAM, respectively. In addition, the different symmetry of GN with respect to
PAM/BPAM implies a different directionality of the HBs formed by these two groups of
cations, Scheme 2. In principle, there are nine potential structural outcomes when combining
three cationic and three anionic components. Unfortunately, we could not recover suitable
crystals from the TFMS/PAM and TFAS/GN mixtures, instead the CXS/GN system has

already been reported.’®
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Scheme 2. (A) Geometrical representation of the cationic components and (B) full
interaction maps> (the interaction experienced by HB donors is depicted in red). (C) Anionic
components and (D) their full interaction maps (the interaction experienced by HB acceptors

is depicted in blue).

As mentioned above, a third component was present in all the investigated systems, namely
water molecules or, to a minor extent, methanol molecules. Hence, besides the charge-assisted

HBs detected for the cation and anion counterparts, HBs between the organic moieties and



water molecules were observed. Not only was a large content of water found in the channels
or pores of the structures, but it was found that water molecules were often active components
in the construction of the supramolecular assembly bridging between organo-cation and

organo-anions.

In compounds 1 and 2 tetrahedral TFMS was combined with two different organo-cations: GN
and BPAM, Figures 1 and 2. Compounds 1 and 2 crystallize in the tetragonal space group /41/a
and in the monoclinic space group C2/c, respectively. The asymmetric unit of 1 consists of one
phenyl-SO3 group, one guanidinium cation and two water molecules (O1w and O2w). Overall,
the structural arrangement consists of four symmetry related GN interacting with a tetra-
negatively charged TFMS and eight water molecules (GN)4(TFMS)-8H20. The three structural
components, namely cation, anion and water molecules, interact extensively by means of HBs.
Each oxygen atom of the SO3™ group acts as an HB acceptor with water molecules and with the
NHs of GN. The guanidinium cation acts as an HB donor with all its six hydrogen atoms
(Figure 1C). It interacts with three oxygens of three symmetry related anions, and with three
water molecules. The O2w molecule occupies a channel like cavity, which is parallel to the ¢
crystallographic axis, whereas Olw occupies one portion of space surrounded by cations and
anions. The GN, TFMS and H,O ratio was also assessed by means of 'TH NMR on a sample of

crystalline 1 dissolved in deuterated dimethylsulphoxide (Supporting information).



Figure 1. Molecular structure of 1. The interactions exchanged by TFMS (A and B) and of
GN (C). Symmetry codes: * = 5/4-y; x-1/4; z-1/4, °* = 5/4-y; x-1/4; 3/4+z.

The stoichiometry of 2 comprises half TFMS moieties, a BPAM cation, and 6.5 water
molecules of crystallization, (BPAM)>(TFMS)-13H>0. The BPAM cation exchanges several
interactions with the surrounding anions and solvent molecules (Figure 2). The BPAM cation
bridges the TFMS moieties by forming HBs with the sulphonate groups. Two NH; fragments
on the opposite side of the BPAM unit form HBs, water molecules being located in channel

like cavities. According to the '"H-NMR spectrum recorded on a crystalline sample of 2, the
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anion/cation/water ratio is approximately 1:2:9, whereas the structural refinement identified 13

water molecules in the channel like cavities.
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Figure 2. Molecular structure of 2. (A) Asymmetric unit. (B) Highlight of the interactions
exchanged by the BPAM cations.

The crystal packing of compounds 1 and 2 shows interesting similarities (Figure 3). In fact,
the three different architectural components, namely the sulfonated anions, the organo-cations
and solvent molecules, are approximately arranged in pillars. The TFMS anions are interlocked

with the aromatic rings (Figure 3A), whereas the GN or BPAM cations form n-m stacks, which
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are more regular for BPAM according to the presence of aromatic rings. Additionally, the

solvent molecules are located in channels defined by the two charged components.

A

Figure 3. (A) Crystal packing of TFMS in 1 and 2. Crystal packing of 1 (B, D and F) and 2
(C, E and G). Three compartments can be ideally identified in the lattice: one corresponds to
the pillars formed by stacked TFMS anions (A-C), the second corresponds to the partially
overlaid GN (D) and BPAM (E) cations, while the third is associated with the water molecules

located in the channel-like cavity (F and G).
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Modification of the central tetrahedral carbon atom with an adamantane moiety resulted in
new compounds. In fact, by co-crystallizing TFAS with the organo-cations PAM and BPAM
two compounds were obtained: (PAM)(TFAS)-9H,O (3) and (BPAM)(TFAS)
6.4H,0-3.6MeOH (4), Figures 4 and 5. The compounds 3 and 4 crystallize in the tetragonal
space group P4»/n and in the triclinic P-1, respectively. For both compounds, the TFAS:cation
stoichiometry of 1:2 was confirmed by 'H-NMR (See Supporting Information). In the case of
3, the water content was in agreement with NMR results (nine molecules per anionic unit)
while in 4 the 'TH-NMR experiments indicated the presence of six water molecules and two
methanol molecules, which are slightly fewer than those found by the structural analysis. The
asymmetric unit of 3 comprises one Ph-SOs3™ group of TFAS, one half PAM cation and 2.25
water molecules. Each oxygen atom of the SO3™ group acts as an HB acceptor: two oxygen
atoms are directly linked to PAM cations, whereas the third oxygen atom interacts with
symmetry related water molecules (O1w), Figure 4A. PAM acts as an HB donor with all its
eight hydrogen atoms interacting with four symmetry related O1w water molecules and with
four water molecules present in the lattice channels (O2w and O4w) (Figure 4B). Olw and

PAM form a stack that runs parallel to the ¢ axis (see Figure 6C below).

13



O4W’:‘

s

313

0BW 6. @

Figure 4. Molecular structure of 3. (A) Highlight of the interactions exchanged by the
sulphonate group with the surrounding cations and water molecules. (B) Interactions
exchanged by the PAM cation. Symmetry codes: ° = 1-x; 1-y; 2-z, 7> = 1-x; 1-y; 1-z, >’ = 1-y;
Votx; z-1/2, § =y; 3/2-x; 3/2-z.

14



The molecular structure of 4 is inherently less symmetric than that of 3 since the compound
crystallizes in the triclinic space group P-1. The asymmetric unit comprises a TFMS anion,
two BPAM cations and water/methanol solvent of crystallization, Figure 5. The anions do not
form pillars as in 1-3, but they form an interlocked dimer, which is surrounded by cations and
solvent molecules, see Figure 5B. In this dimer, the two anions are approaching each other with
the trigonal face, hence pointing two different —Ph-SO3~ groups in opposite directions. This
arrangement is different from the one found in 1-3, where the anions are piled along the binary

axis of the tetrahedron.
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Figure 5. (A) Molecular structure of 4 and (B) the anionic dimer. Symmetry codes: ° = -x; -

Y; -z, = -x; 1-y; 1-z.
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Anionic dimer interactions take place by means of HBs mediated by solvent molecules to
form a supramolecular pillar that runs parallel to the a crystallographic axis (Figure 6B). Also
the BPAM cations form dimers by means of a partial & stack that involves one of the two phenyl
residues (Figure 5A). The BPAM dimers surround the anionic supramolecular chain, thus
delimiting a channel occupied by solvent molecules that runs parallel to the [111] direction
(Figure 6F). Interestingly, the crystal packing of 3 reveals considerable similarities to that of 1
and 2. In fact, though the TFAS anions are larger than TFMS (in line with the presence of the
adamantane unit instead of a single carbon atom), they are, like TFMS, interlocked, forming
anionic pillars. The PAM cations alternate with water molecules (Olw) to form columnar
stacks. Each cation exchanges four HBs with symmetry related O1w within the pillar, whereas
in the direction perpendicular to the pillar axes, it interacts with two distinct sulphonate groups

(Figure 6C).
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Figure 6. Crystal packing of 3 and 4. (A) Pillars formed by stacked TFMS anions in 3. (B)
Pillars formed by stacked TFMS dimers in 4. (C) PAM-water stacks in 3, (D) BPAM dimers

in 4. Channels occupied by water molecules in 3 (E) and in 4 (F).

The molecular structures of CXS and GN are reported in the literature.® For comparison
purposes we report the structure of (GN)4CXS-3H>0, which is the system that contains only

water as the crystallization solvent. The asymmetric unit comprises a CXS anion, and four GN

17



cations and three water molecules (Figure 7). The crystal packing shows the presence of
puckered layers of calixarenes that are interposed between double layers of GN cations, (Figure
7B). Of the three water molecules of crystallization, one is located inside the CXS cavity,

whereas the remaining two serve as connectors between the CXS and GN components.

A

Figure 7. Molecular structure of (GN)4CXS-3H>O. (A) Asymmetric unit, (B) crystal

packing projected along the a axis, (C) crystal packing projected along the b axis™®.
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Let us now focus on the CXS/PAM (5) and CXS/BPAM systems (6). The asymmetric unit
of 5 comprises one CXS moiety, a PAM cation, two half PAM cations, four water molecules
and half a methanol molecule of crystallization, giving rise to the molecular structure
(PAM),CXS-4H,0-1/2MeOH. The 'H-NMR confirmed the 1:2 anion:cation ratio and the
presence of methanol, even though the methanol quantification was hampered by the presence
of peaks partially overlapping those of the water molecules. All of the sulphonate groups act
as HB acceptors, while -NH> groups of PAM and with water molecules. One PAM cation is
located above the calix cavity, exchanging four direct HB interactions with the sulphonate
oxygens surrounding the cavity, a HB with a sulphonate group of an adjacent calixarene, and

three HBs with water molecules acting as bridges with vicinal anions and cations (Figure 8A).
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Figure 8. (A) Molecular structure of 5. (B) Network of the HBs exchanged by the cations and
anions in the cationic/anionic layer. (C) Side view of the puckered layer of cation and anion
plane. In B and C, the three different types of PAM cations contained in the asymmetric unit

are depicted in green, red and yellow, respectively.
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The CXS upper rim unit is surrounded by six-symmetry related PAM cations that interact
with the sulphonates by means of HBs. The PAM cations located outside the CXS upper rim
link vicinal CSX moieties, favoring the formation of puckered cationic/anionic layers (Figure
8B-C and Figure 9A-B) Within these ideal layers, the CXS anions are oriented in opposite
directions (Figure 8C). The water molecules of crystallization occupy channels delimited by
SOs™ and phenyl rings of CXS and by NH> moieties of PAM. These channels run parallel to

the b crystallographic axis (Figure 9C).
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Figure 9. Crystal packing of 5: CXS anions (A), PAM cations (B), and channels occupied

by water molecules (C).

The molecular structure of 6 is reported in Figure 10. The asymmetric unit comprises half a
calixarene moiety, one BPAM cation, two half methanol molecules and four water molecules

of crystallization: the overall formula unit corresponds to (BPAM)(CXS) 8H>O-2CH30H.
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One methanol molecule is located in the CXS cavity, exchanging CH: - -x interactions with the
methyl group and the phenyl rings surrounding the cavity. The hydroxyl group acts as HB
donor with the O(41) atom of a sulphonate residue. Given the CXS symmetry, the methanol

molecule is statically disordered in two positions related by a binary crystallographic axis.
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Figure 10. Molecular structure of 6: (A) network of the HBs exchanged by the cations,
anions and solvent molecules. (B) Lattice environment surrounding a CXS unit: the symmetry-
related CXS and BPAM cations are depicted in green and orange, respectively. Symmetry
codes are not indicated for clarity. Crystal packing of 6: solvent molecules are located between

cation/anion layers (C); highlight of the n-  stack between symmetry related CXS (D).

The upper rim of the CXS moiety interacts with BPAM cations and water molecules (01w,
O2w and O3w) through an extensive net of HBs, whereas a water molecule of crystallization
(O4w) and a methanol molecule are located close to the lower rim. The aromatic sides of the
CXS are involved in two different interactions with the surrounding molecules. The n-n
interactions determine the formation of supramolecular chains that run parallel to the ¢
crystallographic axis (the distance between the aromatic planes is approximately 3.55 A).
Within these chains, the CXS moieties are oriented in opposite fashion (Figure 10D). Likewise,
the BPAM cations form irregular stacks parallel to the ¢ axis that are interposed between the
CXS chains. As a result, CSX/BPAM mixed supramolecular layers are formed, which are
parallel to the ac crystallographic plane. The water molecules are located between these layers

acting as HB linkers (Figure 10C).

Hydration Analysis

A common feature of all the realized supramolecular architectures is the double role played
by the water molecules: one fraction acts directly to form HB bridges between the anions and
cations, while the other lies in the channels (1-4) or in the more confined cavities (5 and 6). In
compound 1 the calculated volume occupied by water molecule was calculated to be 14% of
the unit cell volume, while in compound 2 the bulkier cationic BPAM favored the formation
of larger cavities and a larger water occupancy of the unit cell volume (25%) (Figure 11).%2

The DSC analysis of compound 1 revealed the presence of different water molecule types that
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are easily discriminated according to the position of the thermogram peaks (Figure S1,
Supporting Information). In fact, the low temperature peaks (at about 80° C) pertain to the
removal of loosely bound water (O2w in the channel), whereas higher temperature peaks are
associated with the loss of strongly bound water (O1w). In compound 2, most of the water
molecules occupy a channel-like cavity that lies parallel to the b crystallographic axis. In the
DSC thermogram, a deep broad endothermic peak appears at 80°C and can be assigned to
channel water, which is potentially easy to remove. The peaks above 100 °C could correspond

to water molecules H-bonded with the cation-anion assembly.

Figure 11. Crystal packing of 1 (A), 2 (B), 3 (C), 4 (D), 5 (E) and 6 (F) showing the volume

occupied by water or solvent molecules.
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The volume occupied by water molecules in 3, and by solvent molecules (water and
methanol) in 4 corresponds approximately to 20% of the unit cell volume. In both compounds,
two different water molecules are present. In 3 the disordered water molecules (O2w-O6w)
occupy a channel-like cavity, which runs parallel to the ¢ crystallographic axis, and the Olw
water molecule acts as HBs-acceptor with the PAM cation and as HB-donor with two
symmetry related sulphonate groups linking the anions in the ab plane. In the DSC profile, two
endothermic peaks are present: one peak at 94 °C that can be assigned to the water molecules
in the channels and a smaller peak at 116 °C associated with structural water. In 4, the DSC
analysis shows a larger broad peak at 94 °C, corresponding to solvent molecules arranged in
the channel-like cavities. The volume occupied by solvent molecules in 5 and 6 corresponds to
approximately 12% of the unit cell volume (Figure 11). The relatively small water content can
be due to the different symmetry of the CSX unit, with respect to the TFMS and TFAS anions.
In fact, CXS exhibits only one main direction according to which it can act as HB acceptor,
namely the upper rim of the calixarene where the sulphonate groups are located. Differently,
the symmetry of TFMS and TFAS projects the HB interactions along a divergent tetrahedral
geometry suitable for larger cavity formation. In addition, the CXS symmetry favors the
formation of n-w stacks among different calixarene units or PAM and BPAM cations, whereas
TFMS and TFAS have the tendency to form interlocked columnar molecular arrangements,
which are more apt to give rise to channel like cavities. In fact, in 5 and 6 the solvent molecules
are located in more defined cavities (as in 5) or in layers (as in 6). The DSC analysis of 5§ shows
a broad peak at 65 °C, which can be associated with the loss of the methanol, as observed by
X-ray and NMR analyses. The peaks at 102 °C presumably correspond to water molecules,
which are bound to the cation-anion framework and H-bonded to other water molecules.

Instead, for compound 6, the broad peak centered at about 76 °C may correspond to the
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methanol molecules present in the CXS cavity and close to the CXS lower rim, as well as to

the loosely bound water molecules lodged in the layers of the molecular building.

Conclusions

The construction of crystal lattices by tetrafunctional anions, that protrude in 3D in different
directions and mono or divalent organic cations, leads to intriguing architectures. In such
structures, the role played by water confirms the tendency of multi-charged or polar molecules
to associate as hydrates.’ Indeed, water plays a double role in the lattices: 1) it acts as a strut
itself, and 2) behaves as a guest in structural channels/cavities. The relevant role assumed by
water, which in many cases is elusive to structural characterization, was successfully identified
by single-crystal XRD analysis. The description of complex structures among densely charged
organic molecules and the interplay of ‘pronubial’ small molecules of water is relevant to the
construction of new hydrates with enhanced solubility and the perspective to build co-crystals.
The high number of charges and their directional distribution over the molecular surface results
in new properties and enhances the potential of the crystallization processes, of great relevance
in applicative fields where control over the crystallization process is fundamentally of great

importance.
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The assemblies formed by planar organo-cations (guanidinium, terephtalimidamide) and
organo-anions (tetra-sulphonates) were investigated in water solutions with the purpose of

integrating water molecules into the lattice and studying the water molecules arrangements.
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