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Abstract :

An hydrogen-bonded open framework with pores decorated by pyridyl groups has been
constructed following an off-charge-stoichiometry assemblage of protonated tetrakis(4-
pyridyl-oxymethyl)methane and [Al(oxalate)s]”, respectively the H-bond donor and acceptor
of the ionic H-bond interactions. This supramolecular porous architecture (SPA-2) possesses
1 nm-large pores interconnected in 3D with high solvent accessible void (53%). It
demonstrated remarkable affinity for acidic organic molecules in solution, which was
investigated by the means of various carboxylic acids including larger drug molecules.
Noteworthy, competing sorption between acetic acid and its halogenated homologues
evidenced good selectivity of the porous material for the halogenated acids. The gathered
results, including a series of guest@SPA-2 crystal structures and HRMAS-NMR, suggest that
the efficient sorption exhibited by the material not just relies on an acid-base interaction. The
facile release of these guests’ molecules in neutral conditions makes this SPA a carrier of

acidic molecules.



INTRODUCTION

Microporous hydrogen-bonded frameworks are an emerging class of materials'"

reminiscent to MOFs (Metal-Organic Frameworks) and COFs (Covalent Organic
Frameworks) for which high surface area and potential in the fields of gas sorption/separation
have been highlighted only in recent years.!”! To date, very little attention has been given to
their sorption properties in liquid media,®" ** ?& ¥ however selective sequestration, chemical
transformation, sorption and sensing in solutions represent huge domains of use for
microporous materials.” Such functionalities rely heavily on specific chemical groups
decorating the inner channels, thereby imparting selective sorption, catalytic activity,

[2d, 2e, 2g, 5]

detection, etc. to the microporous materials. For instance, basic sites play an

essential role in recognition of acidic molecules and metal ions.'

The building-blocks design'”! and/or post-synthetic modification'® are widely used strategies
to implant specific chemical functions in molecule-based materials. However, the
construction of H-bonded frameworks displaying basic sites in their channels is particularly
challenging because of the propensity of such groups to act as H-bond acceptors leading them
to be involved in the H-bonded network during the assembling procedure.

[9]

Our design of supramolecular porous architectures (SPA)"™ follows a bimolecular

approach,?™ 2 10!

involving anionic metal-oxalato complexes and protonated amine
derivatives (typically pyridine or imidazole), respectively acting as H-bond acceptor [A]* and
donor [D-H]'* units, assembled by strong ionic H-bonds.!"'!! Following this approach, hybrid
frameworks characterized by permanent porosity, large pore size (1 nm), and remarkable
thermal and chemical robustness can be achieved.'” These supramolecular architectures
usually result from a charge-stoichiometry assemblage between the cationic and anionic units

(e.g. 2 [D—H]3+ / [A]6' in SPA—l[m), yielding neutral networks in which all the cationic D-H

moieties are involved in H-bonding with the anionic metal complexes. We are now



considering the possibility to achieve off-charge-stoichiometry associations, reasoning that
this would leave the D-H group with the charge in excess untouched by the cation-anion
association and thus provide direct access to porous supramolecular materials decorated by
basic groups. This original approach proved successful yielding the unprecedented
microporous supramolecular architecture SPA-2 reported herein. This crystalline solid
exhibits large 3D pores with high solvent accessible voids and channels decorated by pyridyl
groups. The SPA-2 material demonstrates high affinity toward various carboxylic acids,
including larger drug molecules. The gathered results, including a series of guest@SPA-2
crystal structures, suggest that the efficient sorption properties exhibited by the material do
not rely solely on an acid-base interaction. Interestingly, the facile release of these guest

molecules in neutral conditions makes this SPA a possible acid carrier material.

RESULTS AND DISCUSSION

Synthesis of the SPA-2 Material. The hydrogen-bonded supramolecular architecture of
formula [(H3Tpy)Al(Ox)3], SPA-2 in the following, was obtained by reacting aluminum(III)-
oxalate complex [Al(Ox);]* and protonated  tetrakis(4-pyridyl-oxymethyl)methane,
[H4pr]4+, in a 1:1 ratio in H,O (Scheme 1). The tetrapyridinium cation was generated in-situ
by imposing an acidic medium (pH = 2) with HNOs. Upon addition of EtOH to the reaction
mixture, octahedron-shaped single crystals of the protonated material SPA-2-HNO; were
formed in good yields. The HNOs;-free material, SPA-2, was generated subsequently by
washing the crystals with a diluted solution of pyridine in ethanol or simply washing
thoroughly the crystals of SPA-2-HNO; with an EtOH/H,0 (3:1 v/v) solution. HNO; removal
was confirmed by IR (the nitrate characteristic band at 1385 cm™ disappears during the
washing step), thermogravimetric analyses (the bump ascribed to the formation of NO, from

NO;™ upon heating SPA-2-HNO; is missing in the TGA trace of SPA-Z),mJ and by



compositional analyses (EA) (see experimental section and ESI). Powder X-ray diffraction
(Figure S9) confirmed that the crystallinity of the material remained unaffected by removal of
HNOs;. The facile elimination of HNO3; upon washing can be related to the relatively weak
basicity of the pyridyl units of Tpy in SPA-2. The detailed investigation of the acid-base
properties of the conjugated free-base Tpy revealed stepwise protonation constants ranging
from log Ko11 = 5.8(2) to log Ko14 = 4.3(1), for mono- to tetra-protonation (in MeOH/H,0 8:2
v/v solution, I = 0.2 M KCI, T = 298.2(1) K). As a matter of comparison, in same conditions
the protonation constant of pyridine was log Ky;; = 3.87(1), whereas for 4-methoxypyridine a
log Koi1 of ca 5.2 is estimated. A detailed discussion on the physico-chemical investigation

for Tpy can be found in the Supporting Information.
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Scheme 1. Molecular building units involved in the formation of SPA-2: (left) tetrakis(4-
pyridinium-oxymethyl)methane (HyTpy*") and (right) aluminum trisoxalate complex [Al(Ox);]*

(NO5 and K" counter-ions are omitted).

Crystal Structure and Physical Properties of the SPA-2 Material. The robustness of the
framework applied also to single crystals, which allowed to investigate the structures for both
SPA-2-HNO; and SPA-2 by single crystal diffraction studies. SPA-2-HNOj indifferently
crystallized in the complementary chiral space groups P4;2;2 or P432,2; both were

systematically found in a crystal batch. Its asymmetric unit comprises one [H4pr]4+, one
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[Al(Ox)3]*, and one NO3 together with 14.75 H,O found over 30 crystallographic positions
(for additional information see ESI). The supramolecular architecture of SPA-2-HNO;
(Figure 1a) results from H-bond linkages between the organic cations and the metal-complex
anions. Each organic cation is bound to three different [Al(Ox)3]3' and each metal-complex
unit reciprocally connects three different [H4pr]4+ (Figure S2). In this arrangement, three
pyridinium moieties of an organic unit are involved in H-bonds with metal-oxalates, whereas
the fourth stays outside this network. This latter group is found in close proximity of an NOj3
(dNpyridinium® * * Onitrate = 2.77 10\), suggesting H-bonding between them.

The H-bonded network formed by [H4pr]4+ and [Al(Ox)3]" generates 2D corrugated
honeycomb-like layers, whose folds are decorated by dangling pyridinium groups (Figure S3).
Such layers develop both in the ac and bc crystallographic planes leading to mutual
interpenetration that generates the overall 3D framework structure shown by SPA-2-HNO;
(Figure 1a and Figure S4 and S5). In this inclined polycatenated framework,!"" two sets of
interlocked honeycomb layers are almost perpendicular to each other with an angle of 89.98°
between their mean planes (see Figure S4). This arrangement yields infinite crisscrossed
channels running along b and ¢ crystallographic directions. The pyridinium-NO3 moieties are
located at the intersections of the channels, which accounts for the reduced apparent aperture
of the channels (ca 6 x 4 A?, when van der Waals radii are considered). The volume within
the channels is occupied by guest solvent molecules but only ca twelve H,O could be
localized in the asymmetric unit by crystallography. When these are neglected, a potential
void volume of 49.7% is determined using PLATON," this represents a volume of 6175 A
per 12437 A of the unit cell. Additional information on the guests composition was supplied
by 'H-NMR spectroscopy, TGA, and EA (see ESI) leading to the formulation

[(H4aTpy)NO3AI(Ox)3]- 23 H,O-2EtOH for SPA-2-HNO:;.



a)

Figure 1. Supramolecular architectures of SPA-2-HNO; and SPA-2. (a) Ball and stick
representation for the supramolecular framework of SPA-2-HNO;; the NO; units and the N-atoms
of the pyridyl groups linked to them are highlighted; (b) representation for SPA-2 highlighting the
voids within the framework, the yellow skin is the contact surface of a spherical probe of 1.2 A
radius with the channels’ walls; (c) Sectional pore view along ¢ highlighting the arrangement of
the free-pyridyl groups within a channel, d; = 11.4 A, d,=12.0 A and d; = 18.0 A. Color codes: C,

grey; H, black, N, blue; O, red; solvent molecules are not shown.



The crystal structure for SPA-2 confirmed the elimination of HNO; and an unchanged
supramolecular organization with respect to SPA-2-HNO; (Figure 1b and S11). Removal of
HNO; leads to enlarged pore apertures (ca 7.5 x 6 A?), while potential void volume is
concomitantly increased to 53%."> Structure examination also reveals additional smaller
channels (ca 6 x 3 A?) along the [111] crystallographic direction (Figure S12), which are
partly occluded in SPA-2-HNOs. The pyridyl groups decorating the main channels have a
helical arrangement with separations to the first neighbors of 11.4, 12.0, and 18.0 A
(Npy---Npy distances, Figure 1c). Diffraction data allowed to localize 10.5 H>O in the
asymmetric unit but full guest composition was deduced from "H-NMR, TGA and EA (see
ESI) leading to the formulation [(HsTpy)Al(Ox)3]-17.7H,0-0.6EtOH for SPA-2.

SPA-2 loses part of its guest molecules at 298 K when crystals are removed from their mother
liquors but its crystallinity is not affected over a period of 24 h (Figure S14). Diffraction data,
both for a single crystal and for a powder sample, indicate a slight change of cell parameters.
For longer times, the solid turns progressively amorphous and the same occurs when the solid
is activated at 298 K in vacuum. This activated material did not adsorb gases such as N, or
CO,, suggesting a flexible architecture that compacts upon guest release. The lack of gas
adsorption is then ascribed to a reduced aperture of the channels during the activation process,
and their pore size probably falls in the same order of magnitude than the guest size itself
(CO,, 3.3 A and N>, 3.64 10%). However, its crystallinity was fully regenerated in a few minutes
when the amorphous solid was soaked in a 4:1 v/v EtOH/H,0O mixture (Figure S14). The
SPA-2 belongs to the type I compound of the third generation of porous solvated solids as
defined by Kitagawa.[16]

SPA-2 proved very stable in common organic solvents (alcohols, acetone, chloroform, THF,
acetonitrile, etc.) and was found to exchange guest molecules with the liquid media (Figure

S15-S16). Solution 'H-NMR spectroscopy in D,O performed on crystals dissolved after being



soaked in a given liquid allowed to evaluated the amount of adsorbed molecule per
[(HsTpy)Al(Ox);3]-formula unit to 10.7 for MeOH, 7 for EtOH, 6 for iPrOH, 4 for acetone, 2.3
for THF, and 4.6 for MeCN (Figure S17), in addition to residual H,O that was not quantified.
Guest exchange in absolute EtOH was found to be fast with an increase from 0.6 molecules in
as-synthesized SPA-2 to 7 EtOH in only 4 h with concomitant reduction of the H,O contents
to 3.5 molecules (ESI). In the following, EtOH@SPA-2 will refer to such crystals of SPA-2
kept in absolute EtOH.

Sorption Properties of the SPA-2 Material. The capability for SPA-2 to adsorb acidic
organic molecules in solution was investigated with acetic acid and a series of its halogenated
derivatives (experimental procedure and details of the compositional characterizations can be
found in the SI). "H-NMR of acid@SPA-2 crystals dissolved in D,O and elemental analysis
have been used to quantify the number of guest molecules; the results discussed below, and
gathered in Table 1, are given with respect to the SPA formula unit, [(H3;Tpy)Al(Ox)s]. All
experiments have been repeated at least three times with results showing less than 10% of
deviation. When EtOH@SPA-2 was soaked in a 3 M solution of CH;COOH in EtOH, an
uptake of three molecules of acetic acid was observed in less than 15 minutes (Figure 2) and
this amount remained unchanged for longer immersion times. Halogenated derivatives
showed the same behavior with a number of adsorbed molecules depending on their steric
demand rather than on their pK, (Table 1). For instance, for CCI3COOH, the bulkiest acid of
the series, the adsorption curve saturates for 1.5 molecules while it is a stronger acid than
CH3;COOH. It can be noticed that for all the carboxylic acids the number of adsorbed
molecules is larger than what would be expected for just an acid-base interaction with the
pyridyl site (i.e. uptake of one equivalent).

Reducing the acid concentration to 0.3 M hardly changed the sorption feature with an uptake

of 2.8 CH3COOH molecules, although the time to reach saturation was slightly increasing
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Figure 2. Sorption of acid molecules as a function of sorption time for crystals soaked in 3 M
ethanol solutions of CH;COOH (black), CICH,COOH (blue) and Cl,CHCOOH (red); (b) acetic
acid guest in competing CH;COOH/RCOOH sorption as a function of R and time (20 min, blue; 1
day, light-blue; 3 days, red)

(Figure S24a). Reducing further the concentration to 0.03 M lead to a much slower adsorption
with only 0.7 molecules adsorbed after 90 min but saturation was not reached. Such a
behavior shows that the interaction between SPA-2 and the carboxylic acid is not strong and
release is possible. Indeed, rinsing thoroughly CH;COOH@SPA-2 crystals with EtOH was
sufficient to remove most of the acetic acid hosted in the channels (Figure S24b and S25),

much like for HNOs. This release was found less efficient for CFsCOOH@SPA-2 that still
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exhibited a characteristic IR band for C-F (1130 cm™, Figure S26) after the crystals have been
rinsed with EtOH, though its intensity was reduced. Addition of some pyridine (0.01 M) to
EtOH was required to reach a complete removal of CF;COOH. This stronger retention for
CF;COOH indicated that the strength of the interactions with the supramolecular frameworks
may vary significantly depending on the characteristics of the carboxylic acids and suggested

a possible discrimination between the acids by SPA-2.

Table 1. RCOOH@SPA-2 : Number (n) of Carboxylic Acid Molecules Adsorbed by SPA-2.

pk 7 n’ Competitive sorption: New3coon Versus NRCOoH.

CH;COOH 4.76 3.0 2.8¢ 1.0 0.6 0.3 0.3
CH,CICOOH 2.87 2.4 2.0
CHC1,COOH 1.35 2.0 1.5

not
CCI;COOH 0.66 1.5 quantified
not
CF;COOH 0.52 1.65 quantified

“ For EtOH@SPA-2 soaked for 90 min in a 3 M solution of the considered carboxylic acid in EtOH at
293 K. For competitive sorption after 72 h, each column indicates the composition in CH;COOH and
second acid as deduced by 'H NMR, see Figures $29-30. ¢ Blank experiment with only CH;COOH.
Based on solution '"H NMR data except for the trihalogenated derivatives. For additional guest content
(EtOH and H,O) content, see SI.

This was confirmed by competitive sorption experiments performed with equimolar amounts
of CH3COOH and one of the halogenated acids. For the chlorinated derivatives, a clear
decrease of the number of acetic acid in SPA-2 was observed with the increase of the halogen
substituents of the competing acid (Figure 2b). For instance, while for the blank experiment
(i.e. only acetic acid) 2.80 CH3COOH were found in SPA-2 after 20 min immersion, this
value was reduced to 1.20, 1.05 and 0.79 in the presence of chloro-, dichloro- and trichloro-
acetic acid, respectively. This result clearly disclosed a direct correlation between the
interaction strength of SPA-2 and the carboxylic acids with their pK,. Longer soaking times
(24 h and 72 h) lead to progressive exchange of adsorbed acetic acid for the halogenated acid
(Table 1, Figures S29-S30), while the amount of adsorbed CH3COOH remained constant in

the reference experiment. The affinity of SPA-2 for halogenated acids was further confirmed
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with trifluoroacetic acid in the presence of which only 0.44/0.3 (after 20 min/72 h) acetic acid
molecule were retained by the porous material. It can be noticed that the selectivity of the
sorption increases with the strength of the acid but also with the number of halogen
substituents.

The crystal structures of host-guest compounds CH;COOH@SPA-2, CF;COOH@SPA-2,
and CCI3COOH@SPA-2 have been investigated, revealing some information on the host-
guest interactions. The single crystal diffraction studies have been performed on crystals of
SPA-2 after immersion in the respective acid solution (see ESI for additional information).
For CH;COOH@SPA-2 and CF;COOH@SPA-2 respectively, 0.5 and 0.25 acid molecules
could be localized in the channels (for effective composition see ESI) and the positioning of
the carboxylic moieties close to the N atom of the free-pyridyl units (dn.o = 2.993 and 2.58 A,
respectively) strongly suggests H-bond interaction between them (Figure 3a and S20). n---n
interactions and F---m contacts are also evidenced between the crystallized guests and the
supramolecular scaffold. A notably different situation was found for the crystallized
trichloroacetic acid guests. The CCI3COOH seen by X-ray is not in the vicinity of a pyridyl
unit but localized close to oxalate units and facing them by the Cl atoms. Obviously these
trichloroacetic acid molecules interact with the supramolecular framework through Cl---m and
Cl---O contacts with oxalates (Figure 3c,d) and these interactions are strong enough to lead to
an organized arrangement of CCl3COOH all through the crystal. For this compound too, only
a part of the CCI3COOH (0.25 versus effective content of 1.25) located in the channels was
detected by X-ray diffraction, suggesting that other interactions with the framework may take
place. This structural information on the host-guest interactions points out that the affinity of
the framework for acidic molecules does not just come down to an acid-base association.

Other interactions, such as the halogen interactions evidenced for CCl3COOH, may play an

12



important role and certainly account for an acid uptake exceeding in all cases the 1:1

stoichiometry with the pyridyl unit.

Figure 3. Crystal structure of CH;COOH@SPA-2 and CCI;COOH@SPA-2: (a) Ball and stick

view of CH;COOH @SPA-2 showing the crystallized acetic acid guests (space filling view) in the

channels; (b) detail of the supramolecular interactions (dashed lines) of an acetic acid molecule

with the host framework (d(N19--O18) = 2.99 A; d(C37--C) = 3.36 10%); (c) view of

CCI;COOH@SPA-2 showing the crystallized CCI3COOH in space filling view; and (d) detail of

the supramolecular contacts of CCI;COOH with the oxalate units. The crystallized H,O are

omitted for clarity in all cases. Color codes: C, grey; H, black, N, blue; O, red.
Solid-state MAS NMR spectroscopy provided a deeper insight into the behaviors of the guest
molecules within the channels. The '*C MAS spectrum acquired with direct polarization for
SPA-2 (Figure 4a) shows well-resolved signals for the components of the framework as well
as for the EtOH located in the channels. For CH;COOH@SPA-2 (Figure 4b, top) two
additional peaks corresponding to acetic acid (at 20.7 and 175.3 ppm, respectively) are

observed with a very small signal from EtOH as compared to SPA-2. The molecular

dynamics was probed by '°C CP (cross polarization) and INEPT (insensitive nuclei enhanced
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by polarization transfer) polarization experiments. The '*C CP spectra (central parts of Figure
4a,b) exhibit only the signals of the molecules involved in the supramolecular framework (i.e.,
oxalates and Tpy molecules), which correspond to the rigid part of the material. The signals of
EtOH and CH3;COOH appear in the INEPT spectra (Figure 4a,b bottom), indicating that these

(18]

molecules are highly mobile in the channels at NMR time scale,' ™ much like in a liquid-like

state rather than in a solid state. The fact that all CH3COOH molecules are found to be mobile

I .

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

b)

CH3COOH \
/ .

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10

Figure 4. Solid-state BC-MAS spectra for single crystals of (a) SPA-2 and (b) CH;COOH@SPA-
2 with on top the direct polarization, in the middle the CP polarization, and at the bottom the
INEPT polarization (quaternary *C atoms are not detected in INEPT experiments). Signals

marked by * are rotation bands. Pick attributions: 0, oxalates; o, H3pr3+; o, EtOH; e, acetic acid.
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by NMR while a fraction of them was localized by X-ray diffraction can be ascribed to the
different temperature at which each experiment has been performed, i.e. 293 K and 100 K,
respectively.

Further insight in the motional characteristics of the guest molecules was provided by high
resolution magic angle spinning (HRMAS) 'H NMR spectroscopy.“9] The HRMAS 'H
spectrum recorded at 293 K shows four sets of well resolved resonances attributed to H,O,
EtOH, and CH;COOH (Figure $38) in a ratio of 1-1.5/1/1 ('H;0"/H,0 ratio is unknown), in
agreement with the ratio anticipated for CH;COOH@SPA-2. The lack of signals from the
Tpy groups confirms that the dangling pyridyl moieties are not mobile. Two different
chemical environments can be clearly observed for the EtOH and CH3;COOH molecules with
a ratio for the two contributions of 15/85 (A-E/B-F) for EtOH and 10/90 (C/D) for
CH;COOH. Pulsed field gradient (PFG) '"H HRMAS experiments ** indicated that different
diffusion characteristics are associated to these signals (Table 2 and Figure 5). The major
signal of CH3COOH (resonance D) is characterized by a very small and a larger diffusion
coefficient (0.15 x 107" and 6.9 x 10" m?s™), the latter being already below the rate
measured in a 1.5/1/1 H,O/EtOH/CH;COOH solution,m] while for the minor resonance (C) a
single but intermediate diffusion coefficient is found. The values found for the diffusion
coefficients support the occurrence of interactions between the carboxylic acids and their
surrounding in the channels. The different coefficients also confirm that acetic acid
experiences diverse interaction sites with the framework. The same conclusion can be drawn
for EtOH. Related experiments with SPA-2 yielded a single set of signals for H,O and EtOH
found in a ratio 1/0.08 (Figure S39). For the water resonance, two diffusion coefficients are
obtained that are significantly smaller than for a 1/0.08 H,O/EtOH solution.”” Ethanol
revealed also two diffusion components similar to that found for CH;COOH@SPA-2. These

diffusion coefficient values were consistent and reproducible over a period of several hours.
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The mobility evidenced for the guest molecules within the channels allows understanding
why only very few guest molecules are detected by X-ray diffraction analyses. Obviously,
even for temperatures as low as 100 K a large part of the guests remain mobile and only those

with stronger interactions with the channels’ atoms are then crystallized.

CH;CH,OH

CH;COOH F

CHyCH,OH

45 4.0 35 3.0

Figure 5. '"H PFG HRMAS NMR spectra (293 K, 4 kHz) for CH;COOH@SPA-2 showing the
intensity variation of the signals for EtOH (A-E and B-F) and for CH;COOH (C and D) with the

gradient strength

Table 2. 'H HRMAS PFG NMR Data for SPA-2 and CH;COOH@SPA-2.

Chemical shift Diffusion coefficient (x10"° m>.s™) *
(ppm) fast component relative ratio (%) slow component  relative ratio (%)
CH;COOH@SPA-2
EtOH (A-E) 3.94-1.47 8.7£1.5 70£10 1.0+0.3 30«10
EtOH (B-F) 3.64-1.12 11.31.5 70£10 0.15+0.05 30+10
CH;COOH (C) 2.29 53204 100 - -
CH;COOH (D) 2.09 6.9+1.2 50+£10 0.15+0.1 50+£10
SPA-2
H,O 4.94 8.0£2.0 20+10 22404 80+10
EtOH (A-E) 3.60-1.12 13+4.0 50430 1.140.3 50430

“ PFG data were best analyzed with a bi-exponential fitting (except for C), yielding a fast and a slow diffusion coefficient of
weighted ratio.
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Scheme 2. Larger acidic molecules envisioned as guests for SPA-2.

Finally, the possibility for SPA-2 to host larger acidic guests is illustrated by the sorption of a
series of simple drug molecules: mandelic acid (pK, = 3.41), L-ascorbic acid (vitamin C, pK,
= 4.2), and acetylsalicylic acid (aspirin, pK, = 3.49) (Scheme 2). For ascorbic acid and
mandelic acid, respectively 1.25 and 1.4 molecules have been found in SPA-2 when sorption
was performed from solutions in EtOH. This amount was enhanced to 2.2 for mandelic acid
using acetone solutions, a solvent with no competing H-bond interactions with the framework.
Same condition could not be applied to ascorbic acid because of its insolubility but for
acetylsalicylic acid, the bulkiest molecule of the series, the sorption of 1 molecule could be
achieved using acetone (Figures S31-32) while no uptake was found in EtOH. Solid state "*C-
MAS NMR experiments (Figure S33-35) indicated that these larger acid molecules are not
very mobile (no signal in the ?C INEPT MAS experiment), but none could not be localized
by single crystal diffraction studies despite the high crystallinity of the materials (Figure S36).
In all cases the sorption process is reversible. Just soaking these acid@SPA-2 crystals in
EtOH leads to the release of the acid molecules from their hosting framework in very smooth
conditions.

It is interesting to compare the time course of the adsorption of mandelic acid for each solvent
(Figures 6 and S37). From both EtOH and acetone solutions the uptake of a first molecule is
fast and takes place within minutes, afterwards the behavior significantly depends on the
solvent. In EtOH, the loading rapidly saturates with 1.4 molecules, whereas in acetone the

sorption reaches a plateau value of 2.3 molecules within 2 h of soaking. These behaviors are
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consistent with the occurrence of different interactions between the guests and the hosting
framework, as highlighted above for the simpler carboxylic acid. The uptake of a first
molecule of mandelic acid is likely to be driven by the acid-base interactions with the basic
pyridine sites located in the channels. The accommodation of further molecules obviously
involves weaker interactions that can be compromised by protic solvents such as alcohols able
to behave as H-bond donors with the hosting framework at the detriment of the carboxylic
units. Hence, a more efficient uptake both in guest amount and in speed is achieved with

acetone, which has poor supramolecular interactions with the framework.

25 -

1 in EtOH —

mandelic @SPA-2

05 - L

071 T T T T T T T
0 50 100 150 200 250 300 350

time (min.)

Figure 6. Sorption of mandelic acid in the supramolecular framework of SPA-2 (up to 10 h) from

0.3 M ethanol solution (blue) and from 0.3 M acetone solution (black).

CONCLUDING REMARKS

The results gathered herein demonstrate that microporous H-bonded frameworks with pores
decorated by basic sites can be readily obtained using a quite simple and versatile design
strategy. This is illustrated by SPA-2, the first microporous H-bonded framework with pores

decorated by pyridyl groups. These groups endow the crystalline solid with remarkable
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sorption capabilities towards acidic molecules in solution even for larger molecules that are
accommodated in 1 nm-large channels.

In most of the examples considered here the acid-to-pyridine ratio exceeded one, revealing
that, though the acid-base association is decisive in the efficiency of the sorption process,
several other supramolecular interactions contribute to the accommodation of the guests.
These include H-bonding involving the carboxylic groups but also weaker interactions such as
halogen bonding with the oxalate units as revealed by crystal structure investigations. This
variety of host-guests interactions points to the importance of the overall composition of the
channels’ walls in the uptake capacity of the porous material.

Last but not least is the nature of the solvent.”””) Whereas loading acid guest molecules is
efficiently performed in a solvent with poor supramolecular interactions with the framework
and with the substrate, their spontaneous release in smooth mild is obtained just by soaking
the solid material in a protic solvent such as alcohol. This suggests the possibility to use SPA-

2 as carrier-material for acidic molecules.

EXPERIMENTAL SECTION:

General Methods. All chemicals were purchased from commercial sources and used as
received. Infrared spectra were recorded in transmission mode on KBr pellets with a Perkin-
Elmer Spectrum 100 FT-IR spectrometer in the range 4000—600 cm™'. Elemental analyses
(EA) were performed using a Perkin-Elmer 2400 II, CHNS/O analyzer. Thermogravimetric
analyses (TGA) measurements have been done on a Perkin-Elmer Diamond TG/DTA
instrument; the compounds were heated using a 10 °C.min’! heating rate, under a N, flow, in
the 25-600°C temperature range. Routine 'H- and BC- NMR were performed on a Bruker

Advance 400 spectrometer.
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Crystallographic Studies: Data were collected at 100 K on a Bruker Apex2 diffractometer
equipped with a Mo microfocus source (for SPA-2) or on a GEMINI diffractometer using Cu-
Ka radiation (A = 1.54180 A). The structures were solved by SUPERFLIP or by direct
methods using SIR92 or SHELXS86, and refined by means of least-squares procedures on F'
using the programs of the PC version of CRYSTALS. Atomic scattering factors were taken
from the International tables for X-ray Crystallography.[24] Hydrogen atoms were refined
using a riding model. Guest molecules (i.e., water molecules and/or acid molecules) were
often located in partial occupancy. Moreover, several disorders (especially on pyridyl groups)
were treated for the host framework; refinement of the final models led to imperfect but
reasonable solutions. For SPA-2-HNOj;, the NOj3™ is located on a unique position with
occupancy 1. For CH;COOH@SPA-2 and CCl;COOH@SPA-2, the acid molecule was found
on a unique position in occupancy 0.5 and 0.25, respectively; in CF;COOH@SPA-2, the acid
molecule was found disordered over two positions with 0.125/0.125 occupancies, leading to a
global occupancy of 0.25. For the three acid@SPA-2 structures, an hydrogen atom could not
be located neither on N(12), nor on the carboxylic moieties but it was included in the given
formula. The absolute configurations of the compounds were determined by Flack parameter
refinement. The result is unambiguous for structures collected at Cu radiation. For the
structure of SPA-2, which data were collected using Mo radiation, the s.u. value for the Flack
parameter is greater than the value of 0.10 suggested as the upper limit for being
confidently.m] However, the Hooft parameter ‘y’,[26] calculated using CRYSTALS, was y = -
0.001(26) indicating that the absolute structure has been determined correctly.

The powder X-ray diffraction (PXRD) patterns were recorded in transmission mode (using a
capillary setup) on a XPert Pro (f—6 mode) Panalytical diffractometer with A(Cuggi k.2)

=1.54059, 1.54439 A. All data were collected in the 5° < 20 < 50° range, with 0.02 steps and

10 s of exposure.
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NMR spectroscopy. Solid-state MAS and High Resolution (HR) MAS NMR experiments
were recorded on a Bruker Avance 400 and 500 MHz spectrometers. All chemical shifts are
relative to TMS. Samples were packed into 4 mm zirconia rotors and spun at 10 and 4 kHz for
solid MAS and HRMAS, respectively. For 'H MAS and *C MAS with direct polarization,
small flip angle of 30° were used with recycle delays of 3 s and 10 s, respectively. Bc MAS
spectra with Cross polarization (CP) were recorded with a recycle delay of 2 s and contact
times of 2 ms. °C MAS with INEPT polarization were recorded with a recycle delay of 3 s.
All pulsed field gradient HRMAS measurements were collected at 293 K with a stimulated
echo sequence with bipolar and spoil gradient pulses. Different diffusion delays between 80 to
500 ms and gradient pulse duration between 1.6 to 4 ms were used in order to measure the
high, intermediate and low diffusion coefficients.

Synthesis. K3[A1(C204)4]-3H20[27] and pr[28] have been prepared following described
procedures.

SPA-2-HNO;. An aqueous solution (3 mL) of K3[AI(C;04)3]:3H,0 (75 mg, 0.162 mmol) is
slowly added to an acidic aqueous solution (2 mL; pH ~ 2 adjusted with concentrated HNO3)
of Tpy (72 mg, 0.162 mmol) under continuous stirring. EtOH (4 mL) is added to the resulting
solution and the beaker is placed in a vessel containing 50 mL of EtOH. The vessel is sealed
and is kept undisturbed. Crystals of SPA-2-HNO; (145 mg, 0.112 mmol, 69 %) are formed
over 48 h, these crystals are suitable for X-ray diffraction experiments. 'H-NMR (400 MHz,
D,0, 8 ppm): 8.52 — 8.45 (m, 8H; H,-Tpy), 7.51 — 7.42 (m, 8H; H,~ Tpy), 4.80 (s, 8H; CH,-
Tpy), 3,57 (q, 4H; CH3CH,OH), 1,10 (t, 6H; CH;CH,OH). “C-NMR (400 MHz, D,0, &
ppm): 170.9 (C,-Tpy), 165.7 (C-oxalate), 142.7 (Cy-Tpy), 113.2 (C4-Tpy), 67.6 (CH,-Tpy),
57.4 (CH3;CH,OH), 43.9 (Cqua-Tpy), 16.8 (CH3CH,OH). IR (KBr, cm’™): 3418(m), 3086(m),
2955(m), 1716(m), 1666(s), 1634(s), 1506(s), 1466(m), 1403(s), 1385(m, NOs’), 1319(s),

1293(s), 1194(s), 1100(w), 1028(m), 1015(m), 995(m), 947(w), 906 (m), 800(s), 722(w),
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676(w). Elemental Anal. (%) calcd. for [(H4Tpy)NO3Al(Ox);]-23H,0-2EtOH (Css.00
Hge.00N5044.00Al1 00): C, 32.14; H, 6.63; N, 5.35; Found: C, 32.20; H, 6.26; N, 4.97. TGA:
Calculated weight loss for (1 HNO;3; + 23 H,O + 2 EtOH): 43.5%; Found: 29.1% between 25-
145°C (15 H,O + 2EtOH), 7.3% between 145-245°C (loss of HNO3; + 2 H,0). Expected
weight loss is observed at 290°C. See Figure S8 for TGA trace.

SPA-2: Careful washing of ca 150 mg of single crystals of SPA-2-HNO3 with 3x5 mL of a
0.01M solution of pyridine in EtOH over 15 min, followed by 5 min washing with absolute
ethanol yields SPA-2 as single crystals suitable for X-ray diffraction (quantitative yield). 'H-
NMR (400 MHz, D,0, & ppm): 8.52 — 8.45 (m, 8H; H,-Tpy), 7.51 — 7.42 (m, 8H; H,- Tpy),

4.80 (s, 8H; CH,-Tpy); 3,57 (q, 1.2H; CH3;CH,OH), 1,10 (t, 1.8H; CHsCH,OH). C-NMR

(400 MHz, D,0, & ppm): 170.8 (Cu-Tpy), 165.4 (C-oxalate), 142.6 (Cu-Tpy), 113.4 (Cy-
Tpy), 67.5 (CH,-Tpy), 57.4 (CH3CH,OH), 43.8 (Cqua-Tpy), 16.8 (CH3;CH,OH). Solid Be-
NMR HPDec "“C/1H/ (400 MHz, & ppm): 171.8 (Co-Tpy), 166.6 (C-oxalate), 142.8 (Cy-
Tpy), 1143 (Cy-Tpy), 69.9 (CH,-Tpy), 57.2 (CH3;CH,OH), 43.8 (Cqua-Tpy), 16.7
(CH;CH,OH). IR (KBr, cm™): 3418(m), 3086(m), 2955(m), 1716(m), 1666(s), 1634(s),
1506(s), 1466(m), 1403(s), 1319(s), 1293(s), 1194(s), 1100(w), 1028(m), 1015(m), 995(m),
947(w), 906 (m), 800(s), 722(w), 676(w). Elemental Anal. (%) calcd. for [(H3-
Tpy)AlL(Ox)3]- 17.7H,0-0.6EtOH  (Cs220He6.00N403430Al1 00): C, 35.64; H, 6.13; N, 5.16;
Found: C, 35.48; H, 5.91; N, 4.77. TGA: Calculated weight loss for (17.7 H,O + 0.6 EtOH):
31.9%; Found: 30.0% between 25-145°C. Expected weight loss is observed at 230°C. See

Figure S8 for TGA trace.

Supporting information. Complementary figures and experimental procedures, ORTEP
plots, SC and PXRD data, TGA, details on sorption procedures and guest@SPA-2

characterizations (IR, lH—NMR, BC-NMR in D0 solution and in solid state) are included in
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the Supporting Information. CCDC-1537662 (SPA-2-HNO;3;), CCDC-1537663 (SPA-2),
CCDC-1537661 (CH;COOH@SPA-2), CCDC-1537660 (CF;COOH@SPA-2) and CCDC-
1537659 (CCIz;COOH@SPA-2) contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge Crystallographic Data

Centre via www.ccdc.cam.ac.uk/data_request/cif.
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A. Experimental procedures and characterizations

1) CH3COOH@SPA-2, CCRCOOH@SPA-2, and CRCOOH@SPA-2 for crystal
structure characterization.

General experimental procedure: Freshly prepared as-synthesiz&8PA-2 crystals are
removed from their mother liquor and immediatelyalsed in the desired guest solution in
absolute ethanol (15 mL, 3M). After 15 min, crystalre removed from the solution, put
during 1 min between two pieces of chromatograpiyep to remove supernatant solution,
and the resulting solid immediately dissolved igOD(for *H- and **C-NMR experiments)
and/or simultaneously subjected to EA/TGA. Singlgstals for X-ray diffraction have been

collected directly out from ethanol solution.

CH;COOH@SPA-2 (15 min):*H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: 8.52 — 8.45
(m, 8H; Hy-Tpy), 7.51 — 7.42 (m, 8H; HTpy), 4.80 (s, 8H; CHTpy); Guests peaks. 3.57
(9, 3.4H; CHCH,OH), 1.99 (s, 6.9 H; CHacetic acid), 1.10 (t, 5.1HCH3;CH,OH). **C-
NMR (400 MHz, DO, 6 ppm): SPA-2 peaks: 170.8 (G-Tpy), 165.4 (C-oxalate), 142.6 4€
Tpy), 113.4 (G-Tpy); 67.5 (CH-Tpy); 43.8 (Guar TPY); Guests peaks: 176.9 (COOH-acetic
acid), 57.4 (CHCH,OH), 20.5 (CH-acetic acid), 16.8qHsCH,OH). Solid**C-NMR HPDec
13c{*H} (400 MHz, 5 ppm): 175.3 (COOH-acetic acid); 171.7.(Cpy), 166.5 (C-oxalate),
143.0 (GrTpy), 113.60 (G-Tpy), 69.7 (CH-Tpy), 57.3 (CHCH,0OH), 43.9 (Guar TPY), 20.7
(CHs-acetic acid), 16.7 (C¥H,OH). L.R. (ATR, cnl): 3442(m), 3086(m), 2955(m),
1716(m), 1666(s), 1634(s), 1505(s), 1466(m), 1392A(318(s), 1292(s), 1194(s), 1101(w),
1028(s), 1016(s), 993(m), 946(f), 904(m), 811(H3(8), 723(w), 673(w). Elemental Anal.
(%) calcd. for {[(HTpy)AI(Ox)3]- 2.3CHCOOH- 7.5HO- 1.7EtOH}
(Cs9.0H61.40N4.00020.80Al 1.00): C, 42.97; H, 5.68; N, 5.14; Found: C, 42.84;3H0; N, 5.50.
TGA: Calculated weight loss for (2.3GEIOOH + 7.5HO + 1.7EtOH): 32.2%; Found:
30.1% between TA-245°C (See Figure S23 for TGA dyacH-NMR formula:
{[(H 3Tpy)AI(Ox)3]- 2.3CHCOOH- xH0- 1.7EtOH}; EA formula:
{[(H 3sTpy)AI(Ox)3]- 2.3CHCOOH- 7.5HO- 1.7EtOH}; Single crystal X-ray diffraction
formula: {[(HsTpy)AI(Ox)s]- 0.5CHCOOH- 6.25H0- OEtOH}

CRCOOH@SPA-2 (15 min): *H-NMR (400 MHz, DO, & ppm): SPA-2 peaks. Identical to
CH3;COOH@BPA-2, Guests peaks. 3.57 (g, 3.8H; CKCH,0OH), 1.10 (t, 5.7HCH3;CH,OH).
3C-NMR (400 MHz, DO, & ppm): SPA-2 peaks: Identical to CHCOOH@SPA-2 Guests



peaks: 163.1-162.0 (q, COOH-trifluoroacetic acid), 120411 (q, Ck-trifluoroacetic acid),
57.4 (CHCH,OH), 16.8 CHsCH,OH). I.R. (ATR, cni): 3434(m), 3086(m), 2955(m),
1717(m), 1667(s), 1634(s), 1505(s), 1466(m), 1404318(s), 1294(s), 1193(s), 1130 (C-F
stretch, m), 1101(w), 1027(s), 1016(s), 995(m), (848 905(m), 811(s), 798(s), 723(w),
673(w). Elemental Anal. (%) calcd. for {[py)Al(Ox)s]- 1.5CRCOOH-8.5H0- 1.9EtOH}
(Cs7.8H56.99N4.00029.40Al 1.00F450) © C, 39.47; H, 4.99; N, 4.87; Found: C, 39.31;4/5; N,
5.26. TGA: Calculated weight loss for (1.5CFOOH + 8.5HO + 1.9EtOH): 35.80%; Found:
35.40% between TA-245°C (See Figure S23 for TGAce)a 'H-NMR formula:
{[(H 3Tpy)AI(Ox)3]-XxCRCOOH- yHO- 1.9EtOH}; EA formula:
{[(H sTpy)AI(Ox)3]- 1.5CRCOOH-8.5H0O- 1.9EtOH}; Single crystal X-ray diffraction
formula: {[(HsTpy)AI(Ox)s]- 0.25CRBCOOH- 6H0- OEtOH]}.

CCLCOOH@SPA-2 (15 min): *H-NMR (400 MHz, BO, § ppm): SPA-2 peaks: Identical to
CH;COOH@SBPA-2 Guests peaks; 3.57 (q, 4H; CHCH,OH), 1.10 (t, 6HCHsCH,OH). *C-
NMR (400 MHz, BO, & ppm): SPA-2 peaks: Identical to CHCOOH@SEPA-2, Guests peaks.
161.5 (COOH-trichloroacetic acid), 94.4 (G@iichloroacetic acid), 57.4 (G3&H,OH), 16.8
(CHsCH,OH). L.R. (ATR, cnt) : 3414(m), 3090(m), 2957(m), 1716(m), 1667(s)35(8),
1506(s), 1465(m), 1403(s), 1319(s), 1294(s), 1293(301(w), 1027(s), 1016(s), 995(m),
945(w), 906(m), 811(s), 800(s), 738(w), 675(m). nbmtal Anal. (%) calcd. for
{[(H sTpy)AI(Ox)3]- 1.25CC4COOH- 8HO- 2EtOH}  (G7.5dH56.29N4.00028 5A1 1.0Cl3.75):  C,
38.20; H, 4.81; N, 4.75; Found: C, 38.10; H, 4M74.75. TGA: Calculated weight loss for
(1.25CCCOOH + 8HO + 2EtOH): 37.3%; Found: 35.5% between TA-245°€g(Figure
S23 for TGA trace)'H-NMR formula: {[(H sTpy)AI(Ox)s]-XxCCLCOOH: yHO- 2EtOH}.; EA
formula: {[(H 3Tpy)AI(Ox)3]- 1.25CC4COOH-8H0- 2EtOH}; Single crystal X-ray diffraction
formula: {[(HsTpy)Al(Ox)3]- 0.25CC}COOH-5H0- OEtOH}.

2) Sorption kinetics for acetic acid and halogenatedralogues:

General experimental procedure:Ca 150 mg of freshly prepared as-synthesi&RA-2
crystals are soaked during 4h in absolute ethd&edulting crystals, EtOH@&PA-2, are then
engaged in sorption experiments, by replacing sigtant EtOH by the desired guest solution
in absolute ethanol (15 mL, 3M). After the desiredaking time, crystals engaged in

characterizations are removed from the guest soiupressed during 1 min between two



pieces of chromatography paper to remove supermatalution, and resulting solid

immediately dissolved in D (for *H- and**C-NMR experiments) and/or subjected to EA.

EtOH@SPA-2 (4h): *H-NMR (400 MHz, BO, 5 ppm): SPA-2 peaks: 8.52 — 8.45 (m, 8H;
Ha-Tpy); 7.51 — 7.42 (m, 8H; A Tpy); 4.80 (s, 8H; ChTpy); Guests peaks: 3.57 (q, 14H;
CHsCH,OH); 1.10 (t, 21HCH3CH,OH). **C-NMR (400 MHz, RO, & ppm): SPA-2 peaks:
170.8 (GrTpy), 165.4 (C-oxalate), 142.6 {€Tpy), 113.4 (G-Tpy), 67.5 (CH-Tpy), 43.8
(Cquar TPY), Guests peaks: 57.4 (CHCH,OH), 16.8 CH3;CH,OH). Elemental Anal. (%) calcd.
for {[(H 3Tpy)AI(Ox)3]- 3.5H0- 6.7EtOH} (G4.4d474.20N4.00026.2A1 1.00): C, 48.03; H, 6.74; N,
5.05, Found: C, 47.94; H, 648 N, 522 'H-NMR formula
{[(H 3Tpy)AI(Ox)3]- xH,0O- 7.0EtOH};EA formula: {[(H sTpy)Al(Ox)s]- 3.5H0- 6.7EtOH}.

CH;COOH@SPA-2 (90 min.):*H-NMR (400 MHz, DO, 5 ppm): SPA-2 peaks: identical to
EtOH@SPA2;Guests peaks. 3.57 (g, 11H; CHCH,OH), 1.99 (s, 8.4H; CHacetic acid),
1.10 (t, 16.5H:CHsCH,OH). *C-NMR (400 MHz, DO, § ppm): SPA-2 peaks. identical to
EtOH@SPA2; Guests peaks: 176.9 (COOH-acetic acid), 57.4 (gEH,OH), 20.5 (CH-

acetic acid), 16.8GH3;CH,0OH).

Elemental Anal. (%) calcd. for {[(§Tpy)Al(Ox)s]-2.80CHCOOH-1H0-5.2EtOH}
(Ca7.0H71.4N4.000278Al 1.00): C, 48.49; H, 6.18; N, 4.81; Found: C, 48.16;389; N, 5.09.
'H-NMR formula:  {[(H sTpy)Al(Ox)s]- 2.8CHCOOH- xHO-5.5EtOH}; EA formula:

{[(H sTpy)AI(Ox)3]- 2.8CHCOOH- 1HO-5.2EtOH}.

CRCOOH@SBPA-2(90 min.)

'H-NMR (400 MHz, DO, § ppm): SPA-2 peaks: identical to EtOH@SPA2Guests peaks:
3.57 (q, 10H; CHCH,OH), 1.10 (t, 15HCH;CH,OH). **C-NMR (400 MHz, RO, & ppm):
SPA-2 peaks: identical to EtOH@ SPAZ5uests peaks: 163.1-162.0 (g, COOH-trifluoroacetic
acid), 120.4-111.8 (g, GHrifluoroacetic acid), 57.4 (C4#£H,OH), 16.8 CH3CH,OH).
Elemental Anal. (%) calcd. for {[((Tpy)Al(Ox)s]-1.65RCCOOH-2HO-5EtOH}
(Cas.3H62.69N4.00026.30Al 1.0oF4.95): C, 44.60; H, 5.29; N, 4.70; Found: C, 44.32;403; N,
4.62. '"H-NMR Formula: {[(H sTpy)AI(Ox)s]- xFsCCOOH- yHO-5EtOH}. EA formula:
{[(H sTpy)AI(Ox)3]- 1.65RCCOOH- 2HO- 5EtOH]}.



ClsCCOOH@sPA-2 (90 min.)

'H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to EtOH@SPA2Guests peaks:
3.57 (q, 7.9H; CHCH,0H), 1.10 (t, 11.8HCH;CH,OH). **C-NMR (400 MHz, DO, § ppm):
SPA-2 peaks. identical to EtOH@SPA2Guests peaks: 161.5 (COOH-trichloroacetic acid),
94.4 (CCi-trichloroacetic acid), 57.4 (G4&H,0OH), 16.8 CH3CH,OH). Elemental Anal. (%)
calcd. for {[(HsTpy)AI(Ox)3]- 1.5CECCOOH- 2HO- 3.8EtOH}
(Ca1.60H55.3N4.00024.8A1 1.0Clasg): C, 41.82; H, 4.67; N, 4.69; Found: C, 41.69;4839; N,
4.58. 'H-NMR Formula: {[(H sTpy)AI(Ox)3]-XClsCCOOH- yHO- 3.9EtOH}; EA formula:
{[(H sTpy)AI(Ox)3]- 1.5CECCOOH- 2HO- 3.8EtOH]}.

Cl,CHCOOH@sPA-2(90 min.)

'H-NMR (400 MHz, DO, § ppm): SPA-2 peaks: identical to EtOH@SPA2Guests peaks:
5.95 (s, 2H; CH-dichloroacetic acid); 3.57 (q, 9.18H;CH,OH), 1.10 (t, 13.6H;
CH3CH,OH). *C-NMR (400 MHz, BO, & ppm): SPA-2 peaks: identical to EtOH@SPA2;
Guests peaks: 168.9 (COOH-dichloroacetic acid), 67.9 (Ch@ichloroacetic acid), 57.4
(CH3CH,0H), 16.8 CH3CH,0OH). Elemental Anal. (%) calcd. for
{[(H sTpy)AI(Ox)3]2CI,CHCOOH- 1.5HO- 4.5EtOH} (Ga4.0H61.00N4.00026.00A11.0Claog): C,
42.94; H, 5.00; N, 4.55; Found: C, 43.05; H, 4.M; 4.60. '"H-NMR Formula:
{[(H sTpy)AI(Ox)3]- 2CLCHCOOH- xHO- 4.6 EtOH}; EA formula:
{[(H sTpy)AI(Ox)3]- 2CLCHCOOH- 1.5HO- 4.5EtOH}.

CICH,COOH@SEPA-2(90 min.)

'H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to EtOH@SPA2Guests peaks:
4.07 (s, 4.8H; Chichloroacetic acid), 3.57 (q, 11.5H; @EH,OH), 1.10 (t, 17.1H;
CH3CH,0H). *C-NMR (400 MHz, DO, § ppm): SPA-2 peaks. identical to EtOH@SPAZ2;
Guests peaks: 172.3 (COOH-chloroacetic acid), 57.4 (§3H,0OH), 41.6 (CICH-chloroacetic
acid), 16.8 CH3CH,OH). Elemental Anal. (%) calcd. for
{[(H sTpy)AI(Ox)3]- 2.4CICHCOOH-0.5HO-5.4EtOH (Gs.sdH67.60N4.00026.70Al 1.00Cl2.40): C,
45.76; H, 5.57; N, 4.58; Found: C, 45.83; H, 5.98; 4.62. 'H-NMR Formula:
{[(H 3Tpy)AI(Ox)3]- 2.4CICHCOOH- xHO- 5.8EtOH}; EA formula:
{[(H sTpy)AI(Ox)3]- 2.4CICH,COOH- 0.5HO- 5.4EtOH}.



3) Competitive sorption of acetic acid and halogenatednalogues:

General experimental procedure:Ca 150 mg of freshly prepared as-synthesi&RA-2
crystals are soaked during 4h in absolute ethd&esdulting crystals, EtOH@&PA-2, are then
engaged in sorption experiments, by replacing sigtant EtOH by the desired guests’
equimolar solution in absolute ethanol (15 mL, amithcentration = 3M). After the desired
soaking time, crystals engaged in characterizatemes removed from the guest solution,
pressed during 1 min between two pieces of chrognaphy paper to remove supernatant

solution, and immediately dissolved in@for *H- and**C-NMR experiments.

Reference experimentCH;COOH@SBPA-2(72h)

'H-NMR (400 MHz, BO, & ppm): SPA-2 peaks: 8.52 — 8.45 (m, 8H; KTpy); 7.51 — 7.42
(m, 8H; Hy-Tpy); 4.80 (s, 8H; CHTpy); Guests peaks: 3.57 (q, 11.1H; CECH,OH), 1.99 (s,
8.5H; CH-acetic acid), 1.10 (t, 16.7HCH;CH,OH). **C-NMR (400 MHz, BO, & ppm):

SPA-2 peaks:170.8 (GTpy), 165.4 (C-oxalate), 142.6 {Tpy), 113.4 (G-Tpy); 67.5
(CHx-Tpy); 43.8 (Guar TPY); Guests peaks: 176.9 (COOH-acetic acid); 57.4 (GEH,OH),

20.5 (Ch-acetic acid); 16.8 GH3CH,0H). 'H-NMR formula:

{[(H sTpy)AI(Ox)3]- 2.8CHCOOH- xH0O- 5.5EtOH}.

Competitive sorption between CECOOH and CH3COOH (72h)

'H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to CHCOOH@SPA-2 Guests
peaks. 3.57 (g, 5.4H; CKECH,OH), 1.99 (s, 0.9H; Cgacetic acid), 1.10 (t, 8.1H;
CHsCH,OH). °C-NMR (400 MHz, BO, & ppm): SPA-2 peaks identical to
CH;COOH@BPA-2 Guests peaks. 176.9 (COOH-acetic acid), 163.1-162.0 (COOH-
trifluoroacetic acid), 120.4-111.8 (q, &Fifluoroacetic acid), 57.4 (C#H,0H), 20.5 (CH-
acetic acid), 16.8 QH5CH,0H). "H-NMR formula:
{[(H sTpy)AI(Ox)3]-0.3CHCOOH-XxCRCOOH: yHO- 2.7EtOH}.

Competitive sorption between GJCCOOH and CH3;COOH (72h)

'H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to CHCOOH@SPA-2 Guests
peaks. 3.57 (g, 5H; CHCH,OH), 1.99 (s, 1H; Chacetic acid), 1.10 (t, 7.5HZH3;CH,OH).
13C-NMR (400 MHz, RO, 8 ppm): SPA-2 peaks: identical to CHCOOH@BPA-2, Guests
peaks. 176.9 (COOH-acetic acid), 161.5 (COOH-trichlordaceacid), 94.4 (CGk



trichloroacetic acid), 57.4 (G&H,OH), 20.5 (CH-acetic acid), 16.8GH;CH,OH). *H-NMR
formula: {[(H sTpy)Al(Ox)3]-0.3CHCOOH:-xCC{COOH- yHO- 2.5EtOH}.

Competitive sorption between CICHCOOH and CH3COOH (72h)

'H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to CHCOOH@SPA-2 Guests
peaks. 5.98 (s, 1.5 H, CH-dichloroacetic acid), 3.57 §gilH; CHCH,OH), 1.99 (s, 1.8H;
CHs-acetic acid), 1.10 (t, 9.3HZHsCH,OH). *C-NMR (400 MHz, DO, & ppm): SPA-2
peaks. identical to CHCOOH@SPA-2 176.9 (COOH-acetic acid), 168.9 (COOH-
dichloroacetic acid), 67.9 (CHg&tichloroacetic acid), 57.4 (GBH,0OH), 20.5 (CH-acetic
acid), 16.8 CHsCH,0H). "H-NMR formula:
{[(H sTpy)AI(Ox)3]- 0.6 CHCOOH: 1.5CICHCOOH -yHO- 3.1EtOH}.

Competitive sorption between CICHCOOH and CH3COOH (72h)

'H-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to CHCOOH@SPA-2, Guests
peaks: 4.12 (s, 3.9H; Chkichloroacetic acid) 3.57 (g, 6.6H; @EH,OH), 1.99 (s, 3.1H; CH
acetic acid), 1.10 (t, 10HZHsCH,OH). *C-NMR (400 MHz, BO, & ppm): SPA-2 peaks:
identical to CHCOOH@BPA-2 176.9 (COOH-acetic acid), 172.3 (COOH-chloroaceti
acid), 57.4 (CHCH,OH), 41.6 (CHCJ-dichloroacetic acid), 20.5 (Gkacetic acid), 16.8
(CH3CH,0H). 'H-NMR formula: {[(H 3sTpy)AI(Ox)s]- 1.95 CICHCOOH-
1CH;COOH-yHO- 3.3EtOH}.

4) Drugs sorption:

General experimental procedure:Ca 150 mg of freshly prepared as-synthesi&fA-2
crystals is soaked during 4h in absolute ethanoliroracetone. Resulting crystals,
EtOH@SPA-2 or Acetone@PA-2, are then engaged in sorption experiments, byacapy
supernatant solution by the desired guests’ salutiabsolute ethanol (15 mL, for vitamin C,
aspirin and mandelic acid) or absolute acetonar(lL5for aspirin and mandelic acid; Vitamin
C is not soluble in this solvent). 0.3M solutionsres used, except for Vitamin C for which it
was 0.1M because of the lower solubility of thislecole. After the desired soaking time,
crystals engaged in characterizations are remonged the guest solution, pressed during 1
min between two pieces of chromatography paperetoowve supernatant solution, and
resulting solid immediately dissolved in.®@ (for *H- and *C-NMR experiments) or
subjected to EA.
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Vitamin C@SPA-2 (0.1 M, Ethanol, 3days):

'H-NMR (400 MHz, DO, § ppm): 8.52 — 8.45 (m, 8H; HTpy); 7.51 — 7.42 (m, 8H; i

Tpy); 4.80 (broad s, 8H; CHIpy + 1.2H; CH-Vitamin C cycle); 4.01 — 3.96 (m,2H;

CHOH-Vitamin C); 3.68 — 3.66 (m, 2.4H; GHN/itamin C); 3.57 (q, 8.4H; CkCH,OH); 1.10
(t, 12.6H; CH3CH,OH). *C-NMR (400 MHz, BO, & ppm): SPA-2 peaks: 170.8 (G-Tpy),

165.4 (C-oxalate), 142.6 (€Tpy), 113.4 (G-Tpy); 67.5 (CH-Tpy); 43.8 (Guar TPY); Guests
peaks: 173.5 (G-Vitamin C), 156.7 (&Vitamin C), 117.5 (&Vitamin C), 76.2 (G-Vitamin

C), 67.5 (GVitamin C), 62.0 (@Vitamin C), 57.4 (CHCH,OH), 16.8 CH3;CH,OH).

Elemental Anal. (%) calcd. for {[(FTpy)Al(Ox)s]-1.2VitaminC:3HO 4EtOH}
(Ca6.2H66.60N4.00030.2A 1.00: C, 46.70; H, 5.65; N, 4.72; Found: C, 46.40;383; N, 4.43.
H-NMR formula:  {[(HsTpy)AI(Ox)3]- 1.2Vitamin C-xHO-4.2EtOH}; EA formula:

{[(H sTpy)AI(Ox)3]- 1.2VitaminC- 3HO- 4EtOH}.

Mandelic acid@PA-2(0.3 M, Ethanol, 3days):

'H-NMR (400 MHz, BO, 5 ppm): SPA-2 peaks: 8.52 — 8.45 (m, 8H; KTpy); 7.51 — 7.42
(m, 8H; Hy-Tpy); 4.80 (s, 8H; CHTpy); Guests peaks. 7.36 (m, 7H; H-Mandelic acid);
5.17 (s, 1.4H; CH-Mandelic acid); 3.57 (q, 2.8H; £LH,0H); 1.10 (t, 4.2HCH3CH,0OH).
13C-NMR (400 MHz, DO, & ppm): SPA-2 peaks: identical to Vitamin C@PA-2 Guests
peaks: 176.5 (G-Mandelic acid), 138.3 (&Mandelic acid), 129.0 (&Mandelic acid), 128.8
(C-Mandelic acid), 127.0 (&Mandelic acid), 73.1 (&Mandelic acid), 57.4 (C§#CH,OH),
16.8 (CH3CH,OH). Elemental Anal. (%) calcd. for {[@py)Al(Ox)s]-1.4mandelic
acid-4H0- 1.4EtOH} (Gs.oHs4.60N4.0002560A11.09: C, 49.67; H, 5.06; N, 5.15; Found: C,
49.60; H, 4.99; N, 4.88. 'H-NMR formula: {[(H3Tpy)Al(Ox)s]- 1.4Mandelic
acid-xH0- 1.4EtOH};EA formula: {[(H sTpy)Al(Ox)s]1.4Mandelic acid-450- 1.4EtOH}.



Acetone@PA-2(4h):

'H-NMR (400 MHz, BO, & ppm): SPA-2 peaks: 8.52 — 8.45 (m, 8H; K Tpy); 7.51 — 7.42
(m, H; Ha-Tpy); 4.80 (s, 8H; ChTpy); Guests peaks: 2.15 (s, 24H; Chtacetone)*C-NMR
(400 MHz, DO, & ppm): SPA-2 peaks: 170.7 (G-Tpy), 165.4 (C-oxalate), 142.7 {£Tpy),
113.1 (GrTpy), 67.6 (CH-Tpy), 43.8 (Guar TPY), Guests peaks: 215.3 (C=0-Acetone), 30.2
(CHs-Acetone). Elemental Anal. (%) calcd. for {[{Hoy)AlI(Ox)s]-6.1H0-4.1Acetone}
(Caz.3H63.80N4.00026.20Al 1.00): C, 47.86; H, 5.92; N, 5.16; Found: C, 47.74;383; N, 5.28.
'H-NMR formula: {[(H 3Tpy)AI(Ox)3]- xH,O- 4Acetone}; EA formula:
{[(H 3Tpy)AI(Ox)3]- 6.1H,O-4.1Acetone}.

Aspirin@SPA-2(0.3 M, Acetone, 3days):

'H-NMR (400 MHz, DO, § ppm): SPA-2 peaks: identical to Acetone@PA-2, Guests peaks:
7.87 — 7.84 (m, 1H; KHAspirin); 7.61 — 7.57 (m, 1H; H#Aspirin); 7.38 — 7.33 (m, 1H; }#
Aspirin); 7.15 — 7.12 (m, 1H; HAspirin); 2.28 (s, 3.1H; CEAspirin), 2.15 (s, 18.5H; CH
acetone)*C-NMR (400 MHz, BO, & ppm): SPA-2 peaks: identical to Acetone@PA-2
Guests peaks. 215.3 (C=0-Acetone), 173.4 {@spirin), 168.9 (G Aspirin), 149.2 (G
Aspirin), 134.3 (G Aspirin), 131.3 (G Aspirin), 126.8 (& Aspirin), 123.3 (G Aspirin),
119.6 (G- Aspirin), 30.2 (CH-Acetone), 20.4 (= Aspirin). Elemental Anal. (%) calcd. for
{[(H sTpy)AI(Ox)3]- 0.95Aspirine- 2.9bD- 3Acetone} (Gs.sHss.4dN4025.7Al1.00): C, 51.32; H,
5.18; N, 4.93; Found: C, 50.95; H, 5.11; N, 4.74H-NMR formula;
{[(H 3Tpy)AI(Ox)3]- 1Aspirine-xHO- 3.1Acetone}; EA formula:
{[(H 3sTpy)AI(Ox)3]- 0.95Aspirine- 2.95D- 3Acetone}.

Mandelic acid@PA-2(0.3 M, Acetone, 3days):

'H-NMR (400 MHz, DO, § ppm): SPA-2 peaks: identical to Acetone@PA-2, Guests peaks:
7.36 (m, 11H; H-Mandelic acid); 5.17 (s, 2.2H; CH-Mandelic aci@)]l5 (s, 4.2H; Chgt
acetone)*C-NMR (400 MHz, BO, & ppm): SPA-2 peaks: identical to Acetone@PA-2
Guests peaks: 215.3 (C=0-Acetone), 176.2 {Mlandelic acid), 138.0 (€EMandelic acid),
129.0 (G-Mandelic acid), 128.9 (@andelic acid), 127.0 (&Mandelic acid), 72.9 (&
Mandelic acid), 30.2 (Ckacetone). Elemental Anal. (%) calcd. for {{Fpy)Al(Ox)3]
-2.2Mandelic acid- 3.54D-0.6Acetone} (Go.4dHs5.20N40267A11.00: C, 51.69; H, 4.75; N,
4.78; Found: C, 51.32; H, 4.63; N, 4.48/-NMR formula: {[(H sTpy)Al(Ox)s]- 2.2Mandelic
acid-xH0-0.7Acetone}; EA formula: {[(H sTpy)AI(Ox)3]- 2.2Mandelic acid
-3.5H0-0.6Acetone}.



B. Figures

Figure S1. ORTEP view of the asymmetric unit 8PA-2 HNO;, with ellipsoids cut at the 30% probability
level. HO molecules and Hydrogen of Carbon atoms are moesented for sake of clarity. Color codes: C,
grey; H, black, N, blue; O, red.

C32 H331

Figure S2.Reciprocal H-bonded assemblage between [A®xhetal-organic units and+Tpy** cations.
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Figure S3. 2D H-bonded corrugated layers in SPA-HNO;. (a) 2D corrugated honeycomb-like layer
resulting from the H-bonding between [AI(QK) and (H-Tpy)** units (HNQ are omitted for the sake of
clarity). (b) Positioning of pyridinium nitrate gups relative to the 2D H-bonded layer.
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Figure S4.(top) Schematic representation of the 2D to 3D mutu@rpenetration for the two sets of 2D layers
existing inSPA-2 HNO;. (bottom) View showing the angle between the two sets @rpgnetrated honeycomb
layers; the angle was estimated by measuring thke dretween their corresponding virtual planes.hBalane
was determined by selecting 6 nodes (forming aecdokexagonal loop) of the corresponding corrugated
honeycomb layer. Plane construction and angle neation were done using Diamdheoftware version 3.
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Figure S5. (a) Spacefill representation for the supramoleculahiggcture of SPA-2HNGO;. Guest solvent
molecules are omitted. (b) Apparent pore size egton for SPA-2-HNO;: vertical arrow, 6A; horizontal arrow,
4A. Color codes: C, grey; H, black, N, blue; O,.red

a) b)

Figure S6.Supramolecular interactions (dashed lines) betwddronded framework and nitrate ions $PA-
2-HNO; (d(N12-018) = 2.77 A; d(N1-C24) = 3.28 A; d(017-C23) = 3.23 A; d(018C25) = 3.18 A). Color
codes: C, grey; H, black, N, blue; O, red.
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Figure S7.Comparison of IR spectra (KBr pellets) registef@dSPA-2- HNO; (blue) andSPA-2 (black). (a)
Full window (3900-700 cff) and (b) enlarged view for the 1900-1000cregion. Red arrow tags the nitrate
band (1385 ci) in SPA-2- HNO;; this band disappears in IR spectrunSefA-2

a) b)
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Figure S8.TGA traces (RT-600°C) fa8PA-2- HNO; andSPA-2 (a) Comparison between TGA traces obtained
for as-synthesize8PA-2 HNG; (blue) andSPA-2 (black). (b) Enlarged view of TGA trace f&PA-2 HNO;:

(1), 29.1% weight loss (154 + 2EtOH);(2), 7.3% weight loss (loss of HNG 2 H,0); (3), EA, IR and'H-
NMR performed orSPA-2 HNO; progressively heated to 245°C under nitrogen florfirmed the chemical
integrity of the [(Htpy)AI(Ox)3] units and the disappearance of the nitrate ion.
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Figure S9.(a) Experimental PXRD diffractograms (293K, isetatsolids) foISPA-2- HNO; (black) andSPA-2
(blue); (b, ¢) comparison of the experimental diffograms (black) and the ones calculated (redj fiioe
corresponding crystal structures cif (data colléca¢ 120K) to highlight the effect of the cell clgas (see
comments below); (c) diffractograms 8PA-2 HNO; (black) andSPA-2 (blue) calculated from the respective
crystal structures cif.

The diffractograms collected at 293 K f8PA-2-HNG; (black) andSPA-2 (blue) are very similar, as do the
diffractograms calculated from the cif of the cepending crystal structures. However, a clear sliithe peaks

is found between the experimental and calculatéficadiograms. The cell parameters refined on th&B>of
SPA-2revealed an increase by ca. 0.5 Adandb whereag is shrunk by same value as compared to the value
found at 100 K (see table below). This can belatted to a deformation of the framework at 293 Kaspared

to 100 K, a consequence of the release of palteoftiest molecules.

Single crystal 120 K Powder 293 K

Space group P4,2,2, P4,2,2,
a=b (A 18.0205(6) 18.563(1)
c (A 38.474(1) 37.965(3)
V (A3 12493.9(4) 13082(1)
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a)

Figure S10.ORTEP view of the asymmetric unit 8PA-2, with ellipsoids cut at the 30% probability levelhO
molecules and Hydrogen of Carbon atoms are noesepted for sake of clarity. Color codes: C, gk&yblack,
N, blue; O, red.

N120 C140
N12 h
occupancy = 0.5 C13 14
occupancy = 0.5 C13

Figure S11.(a) Spacefill representation for the supramoleculahigectures ofSPA-2 Guest solvent molecules
are omitted. (b) Apparent pore size estimation S®A-2 vertical arrow, 6A; horizontal arrow, 7.5A. Color
codes: C, grey; H, black, N, blue; O, red.

b)
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Figure S12.(a) Additional pores observed along [111] crysigitbphic direction after the removal of HA@b)
Apparent pore size estimation: vertical arrow, BAtizontal arrow, 6A. Color codes: C, grey; H, tida, blue;

O, red.
a) b)

Figure S13.0rganization of free pyridil groups in the chamnei SPA-2 (a) View of one channel alorgg (b)
Sectional pore view along d, = 11.4A, ¢ = 12.0A and ¢l= 18.0A. Color codes: C, grey; H, black, N, bl@e;

red.

a) b)
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Figure S14.PXRD for SPA-2 as-synthesized material (red, registered at BPA-2 stored in air during 1 week
before (black, registered at RT) and after soakingl EtOH:HO (blue, registered at RT).
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Figure S15.Comparison of representative TGA traces (RT-6006Cas-synthesizeB8PA-2 (black) and several
solvent@PA-2 materials (red) obtained after 1 month of soak{ayj;acetone @PA-2, (b) CHCLk@SPA-2 (c)
EtOH@SPA-2and (d) iPrOH@PA-2
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Figure S16.PXRD diffractograms calculated from SCXRD datdexibd at 100K for solvent@PA-2 crystals
(2 month of soaking). Colour codes f8PA-2 crystals soaked in: ethanol (black), isopropagoé€n), acetone
(red), CHC} (cyan). Reference diffractogram (as-synthesBé-2) is given in blue.

The crystal structures solved from single crystiffrattion data recorded at 100 K for all solverg8@A-2
confirmed an unchanged supramolecular frameworkthetguest molecules could not be localized in the

channels.
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Figure S17.D,0 *H-NMR spectra for solvent@PA-2 Colour codes foSPA-2 crystals soaked in: ethanol
(black), methanol (green), isopropanol (pink), anet(red), THF (blue).
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Figure S18. ORTEP view of the asymmetric unit of GEDOH@EPA-2, with ellipsoids cut at the 30%
probability level. HO molecules and Hydrogen of Carbon atoms are mesented for sake of clarity. Color
codes: C, grey; H, black, N, blue; O, red.

Figure S19. ORTEP view of the asymmetric unit of GFOOH@SPA-2 with ellipsoids cut at the 30%
probability level. HO molecules and Hydrogen of Carbon atoms are mwesented for sake of clarity. Color
codes: C, grey; H, black, N, blue; O, red; F, y@&llo

occupancy = 0.5
occupancy = 0.5

H261 occupancy = 0.125
occupancy = 0.125

22



Figure S20.Supramolecular architecture of LFOOH@SPA-2 (a) Ball and stick structure view along tae
crystallographic direction, showing crystallizedflioroacetic acid guests (spacefill) in the chdangb)
Supramolecular interactions (dashed lines) of atlysed trifluoroacetic acid molecules with the htramework

of SPA-2 (d(N12--033) = 2.60 A; d(F5C23) = 3.02 A). HO crystallized solvent molecules are omitted in all
cases. Color codes: C, grey; H, black, N, bluere@; F, yellow.

a)
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Figure S21. ORTEP view of the asymmetric unit of GCIOOH@SEPA-2, with ellipsoids cut at the 30%
probability level. HO molecules and Hydrogen of Carbon atoms are mresented for sake of clarity. Color
codes: C, grey; H, black, N, blue; O, red; Cl, gree

Figure S22.Supramolecular architecture of GCOOH@SBPA-2 (a) Ball and stick structure view along the
crystallographic direction, showing crystallizedclitoroacetic acid guests (spacefill) in the chadsnéb)
Supramolecular interactions (dashed lines) of aflyaed trichloroacetic acid molecules with the tisamework
of SPA-2(d(CI2--04) = 3.26 A, d(CI3-04) = 3.54 A, d(CI3-C2) = 3.32 A, d(CI3-02) = 3.27 A, d(CI3-05) =
3.30 A). HO crystallized molecules are omitted. Color codgsgrey; H, black, N, blue; O, red; Cl, green.

a)

b)
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Figure S23. Comparison of TGA traces (RT-600°C) for as-synittexs SPA-2 (black) and acid@PA-2
materials (red). (a) Cl€OOH@EPA-2, (b) CRCOOH@BPA-2and (c) CGCOOH@SPA-2
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Figure S24a.Evolution of the uptake of C}£OOH bySPA-2as a function of the acid concentration (3.0 M-0.3
M - 0.03 M) in EtOH. The number of GBOOH molecules peBPA-2 formula after a given soaking time)(
was deduced frofH-NMR (D,0) of dissolved crystals.
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Figure S24b."H-NMR spectra for CHCOOH@SPA-2 crystals dissolved in D before (a) and (b) after crystals
washing with ethanol (3x5 mL of absolute EtOH, o¥Brmin). Similar result is obtained in less thamiautes
when crystals are soaked in 15 mL of absolute ethan
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Figure S25.Solid state*>C MAS spectra registered for (a) single crystal<CéCOOH@SPA-2 and for (b)
CH;COOH@SBPA-2 crystals washed with ethanol. In both a) and#, MAS experiment withtop, direct
polarization;middle, cross polarization (CPhottom, INEPT polarization (quaternal§C atoms are not detected
in INEPT experiments). Stars (*) brand spinningesicinds. FoFC atomsy, oxalates; o, HsTpy**; o, EtOH; e,
acetic acid.
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Figure S26.Evolution of C-F band (1130 c¢hintensity observed in IR spectra of {JOOH@SPA-2 crystals

as a function of soaking time in pure EtOH (a) aimd Pyridine/EtOH (0.01M, b).

In (@) and

(b),CRCOOH@BPA-2 starting material IR spectrum is given in greehjleg'SPA-2 IR spectrum is given in
black. In (a), orange spectrum is registered dffeth of soaking. In (b), blue, pink and red speataobtained
for soaking times of 24h, 48h and 96h, respectively
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Figure S27.D,0 H-NMR (left) and™*C NMR (right) spectra foacid guest@SPA-2Spectra are obtained by
dissolving crystals of EtOH@PA-2 starting material (a), C}£OOH@SPA-2 (b) and CECOOH@SPA-2 (c)
after 90 min of soaking. When visible (GCand Ck-COOH are'H-NMR silent in DO), signals corresponding
to the acid guest are tagged with circles (O), avBilOH signals are tagged with squarek (
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Figure S$28.D,0 H-NMR (left) and™*C NMR (right) spectra foacid guest@SPA-2Spectra are obtained by
dissolving crystals of GCCOOH@SPA-2 (a), CLCHCOOH@SPA-2 (b), and CICHCOOH@SPA-2 (c) 2 after
90 min of soaking. When visible (C€land CE-COOH are'H-NMR silent in DO), signals corresponding to
the acid guest are tagged with circles (O), whi@HE signals are tagged with squares.
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Figure S29.D,0 H-NMR (left) and*C NMR (right) spectra for acid@PA-2 materials obtained through
competitive sorption of acetic acid and its halogeated analoguesSpectra are obtained by dissolving crystals
of SPA-2 soaked 72h in: (a) 3M acetic acid ethanol solut{ceference experiment); (b) 3M equimolar
trifluoroacetic-/acetic-acid solution; (c) 3M equatar trichlororoacetic-/acetic-acid solution. Etbagignals are
tagged with squares1§, acetic acid signals with open circles (O), andhpetitive guest signals (when visible)

with black circles ).
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Figure S30.D,0 H-NMR (left) and*C NMR (right) spectra for acid@PA-2 materials obtained through
competitive sorption of acetic acid and its halogeated analoguesSpectra are obtained by dissolving crystals
of SPA-2 soaked 72h in: (a) 3M acetic acid ethanol solut{ceference experiment); (b) 3M equimolar
dichloroacetic-/acetic-acid solution; (c) 3M equiarochlororoacetic-/acetic-acid solution. Ethanigingals are
tagged with squares1§, acetic acid signals with open circles (O), andhpetitive guest signals (when visible)

with black circles ).
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Figure S31.D,0 'H-NMR (left) and®*C NMR (right) spectra fodrug@SPA-2 materials obtained from
ethanol solutions. Spectra are obtained by dissolving crystals of: EPH@SPA-2 starting material; (b)
Vitamin C@SPA-2 (c) Mandelic acid@PA-2 Ethanol signals are tagged with squarel guest signals with

open circles (O).
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Figure S32.D,0 'H-NMR (left) and **C NMR (right) spectra fordrug@SPA-2 materials obtained from
acetone solutionsSpectra obtained by dissolving crystals of: (a)tdne @SPA-2 starting material; (b) Aspirin
@SPA-2, (c) Mandelic acid@PA-2 Acetone signals are tagged with squarm@y @uest signals with open

circles (O).
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Figure S33. Solid state'®C-MAS spectra registered for single crystals ofaxiin C@PA-2 °C MAS

experiment withtop, direct polarization;middle, Cross polarization (CP) bottom, INEPT polarization
(quaternary®C atoms are not detected in INEPT experiments)ebatomsx, oxalates; o, HsTpy*; o, EtOH;

e, Vitamin C.

190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10
5 (ppm)

Figure S34.Solid state*C-MAS spectra registered for single crystals of ilBf@SPA-2 *C MAS experiment
with top, direct polarizationmiddle, Cross polarization (CP)pttom, INEPT polarization (quaternaf§C atoms
are not detected in INEPT experiments). £6ratomsy, oxalates; o, HsTpy*"; 0, Acetone; ®, Aspirin.
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Figure S35.Solid state’*C-MAS spectra registered for single crystals of Melit acid@PA-2 °C MAS
experiment withtop, direct polarization;middle, Cross polarization (CP) bottom, INEPT polarization
(quaternary'*C atoms are not detected in INEPT experiments). ‘B@ratoms:0, oxalates; o, HsTpy*"; o

Acetone;e, Mandelic acid.
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Figure S36.PXRD patterns calculated f&PA-2 (red), Vitamin C@PA-2 (black), Aspirin@PA-2 (blue) and
Mandelic acid@PA-2 (pink) from cif of respective the compounds. Thgstal structures were solved from
single crystal diffraction data collected at 110dK crystals soaked during one week in a drug soiutNone of
these structures allowed to localize the guest cubds.
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Figure S37.Sorption of Mandelic acid in the supramoleculanfework ofSPA-2 (up to 3d) from 0.3M ethanol
solution(green) and from 0.3M acetone solutigmneen).
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C. Tables

Table S1.Crystallographic data, details of data collectiad atructure refinement parameters.

Compound

Empirical formula

Formula weight (gnol™®)

L (A)
Temperature (K)
Crystal system
Space group
a=b(A)

c(R)

Volume (&)

z

Calc. Density (@m?®)
Absorption coefficient (mm)

Theta range for data collection (°)
Reflections collected
Independent reflections

R(int)

Data/restraints/parameters

Goodness-of-fit
Refinement on

FinalRindices [ > 30(1)]
Final wRindices | > 34(1)]
Flack parameter, nb Friedel-pairs

CCDC reference

SPA-2-HNG;
GiHs7 5AIN 5033 75

1067.29

1.54180
120
Tetragonal
P4;2,2
18.04217(16)
38.2056(4)
12436.69(13)
8
1.141
1.040

3.37-71.29
118999
12037
0.056

10632/2/687

0.904
F

0.0722

0.0880
-0.02(5), 5239

Largest diff. Peak and hole (63 0.90 and -0.33

1537662

SPA-2
Q’»1H48A| N 4026.50
927.72
0.71073
100
Tetragonal
P4,2,2
18.0205(6)
38.4736(13)
12493.9(4)
8
0.996
0.099

12683
303826
13396
0.047
10102/0/554
0.956

F
0.0749
0.0814
0(2), 5873
0.74 and -0.33
1537663

CH3;COOH@SPA-2

C32H42AIN 4023.50
885.68
1.54180

100
Tetragonal
P4,2,2
17.88268(7)
38.4329(2)
12290.48(7)

8
0.957
0.844

3.38-70.60

142422
11753
0.025
11209/0/564
0.943

F
0.0745
0.0808

0.02(4), 5113

0.94 and -0.40

1537661

CF;COOH@SPA-2
Ca1.50H40.75AIF .75 NgO23 25

847.433
1.54180
100
ragenal
P4;2,2
179816)
38.7208(5)
12284.71(15)
8
0.916
0.691

3.37-60.61
75622
9235
0.033
8581/21/561
1.006

F
0.0842
0.0915
0.04(6), 3967
Ar6i1-0.40
1537660

CCI;COOH@SPA-2

Q’»l.Sd_|38.7EA|CI 0.7§\|4022.25
882.99
1.54180
100

Tetragonal

P4;2,2

17.7691(2)

8.7809(6)

12244.68(18)

8

0.958
1.125

3.37-71.51
9488
1184
0.032
10564/13/554
0.975

0.0888

0.0967
0.01(4),313
0.81 and -0.15

65837




Table S2.Selected Hydrogen bonds. (H-bonds involving niteatd acid guests are given in blue).

Atoms D-H--A Dist. D-H (A) Dist. H-A (A) Dist. D-A (A) Angle D-H - A (°)
SPA-2-HNO;
N19-H191-Olla 0.852 2.045 2.793(4) 146.0
N19-H191-012a 0.852 2.245 2.887(3) 131.2
N26-H261-03b 0.868 2.144 2.795(4) 131.4
N26-H261-04b 0.868 2.123 2.882(4) 145.0
N33-H331-07c 0.852 1.996 2.756(4) 148.2
N33-H331-08c 0.852 2.288 2.921(4) 131.3
N12-H121:-018d 0.866 1.904 2.765(7) 172.3
SPA-2
N19-H191-Olle 0.875 2.112 2.816(4) 136.9
N19-H191-012e 0.875 2.134 2.846(3) 138.1
N26-H261-03f 0.861 2.215 2.863(6) 130.0
N26-H261-04f 0.861 2.022 2.810(6) 148.2
N33-H331-07g 0.872 2.176 2.856(7) 134.5
N33-H331-08g 0.872 2.053 2.803(6) 143.7

CH;COOH@SPA-2

N19-H191-0O11h 0.876 2.061 2.786(3) 139.6
N19-H191-012h 0.876 2.216 2.881(3) 132.5
N26-H261-03b 0.866 2.280 2.858(5) 124.2
N26-H261-04b 0.866 2.078 2.823(5) 143.7
N33-H331-07¢c 0.843 2.104 2.802(6) 139.9
N33-H331-08¢c 0.843 2.177 2.860(5) 138.0
N12--H--018d - - 2.993(1) -

CF;COOH@SPA-2

N19-H191-O11i 0.858 2.092 2.820(4) 142.1
N19-H191-012i 0.858 2.169 2.851(4) 136.3
N26-H261-03; 0.862 2.279 2.895(6) 1285
N26-H261-04j 0.862 2.036 2.821(7) 151.0
N33-H331-07k 0.858 2.502 3.051(1) 122.6
N33-H331-08k 0.858 1.822 2.634(1) 157.3
N330-H3301-07k 0.859 1.995 2.730(8) 142.9
N330-H3301-08k 0.859 2.300 2.977(9) 135.9
N12-H--031l - - 2.673(2) -
N12-H--033 - - 2.603(3) -

CCI;COOH@SPA-2

N19-H191-O11h 0.859 2.074 2.809(4) 143.1
N19-H191-0O12h 0.859 2.199 2.875(3) 135.4
N26-H261-O3m 0.860 2.263 2.879(6) 128.6
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N26-H261-0O4m 0.860 2.057 2.826(7) 148.4

N33-H331-07n 0.854 1.879 2.679(5) 155.2
N33-H331-08n 0.854 2.412 2.973(5) 123.8
N330-H3301-0O7n 0.858 2.326 2.930(1) 127.7
N330-H3301-08n 0.858 1.728 2.491(1) 146.7

Symmetry operations: (a) 1-y, 1-x, 0.5-z; (b) y, X, 1-z (c) y, 1+x, 1-z (d) 0.5-y, 0.5+X, -0.25+Z, (€) 1.5-y, 0.5+x, -0.25+z; (f)
0.5+y, 1.5-%, -0.25+z; (g) -0.5+y, 1.5-%, -0.25+z; (h) 1-y, 1-x, 1.5-z; (i) 0.5+y, 1.5-, 0.25+z; (j) 0.5y, -0.5+x%, -0.25+z;
(K) 1.5-y, -0.5+x, -0.25+z; (1) 0.5+y, 0.5-x, 0.25+z; (m) 1+y, -1+X, 1-z; (N) y, -1+X, 1-z.

41



D. HRMAS H NMR

Experimental details: CH;COOH@SPA-2 was prepared and isolated according to the praeedu
given in section A-2 above using a microcrystallpevder of SPA-2 Same sample d8PA-2 was
used for the High Resolution (HR)MAS NMR of that compound.

HRMAS NMR experiments were recorded on a Bruker moedl 500 MHz spectrometers. All
chemical shifts are relative to TMS. Samples werekpd into 4 mm zirconia rotors and spun at 4 kHz
at 293K. For'H MAS, small flip angle of 30° were used with releydelays of 3 s All pulsed field
gradient HRMAS measurements were collected withirautated echo sequence with bipolar and
spoil gradient pulses. Different diffusion delaystieeen 80 to 500 ms and gradient pulse duration
between 1.6 to 4 ms were used in order to meashegehigh, intermediate and low diffusion
coefficients. The strength of the gradient (56.0u3#cm at a current of 10A) was calibrated by
measuring the self-diffusion of a pure@ solution at 293K (2.02 x 1on?.s?). For PGSE-NMR
experiments, after Fourier transformation and Masetorrection, the diffusion dimension was
processed with mono or bi-exponential analysislwiag least-squares fitting (Topspin software).

Figure S38 '"H HRMAS NMR (4 kHz, 293 K) spectra fdtop) CH;COOH@SPA-2 and pottom)
SPA-2

CH;COOH  cH,CH,OH

hoh

CH,CH,OH

.

H,0/H;0*

3 2 1 0

360

CH,CH,0H

CH,CH,OH
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Figure S39.'H PFG HRMAS NMR spectra (293 K, 4 kHz) f¢top) CH:COOH@SPA-2 and

(bottom) forSPA-2, showing the intensity variation of the signals E@OH and for CHCOOH with
the gradient strength.
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Figure S4Q Example of single-exponential least-squaremdjtanalysigleft) and bi-exponential
analysis least-square fittiffg ght) for the D signal of CeECOOH@SGPA-2 (Fig. 5, main text). A bi-
exponential analysis is obviously required tolig experimental data.

Diffusion : Variable Gradient . . . . g ID_iIﬁufion :gfgiaglggﬁ?dient ‘G"LD ~(BD-LDI3 4 §
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E. Acid-Base Properties of the Tpy

Experimental Potentiometry procedure. Protonation constants were determined by
potentiometric titrations of carefully weightel .01 mg) amounts of compounds dissolved
in 10 mL of supporting electrolyte solution (MeOH® 8:2 v/v containing 0.2 M KCI in
order to maintain the ionic strength and the afgtizoefficients approximately constant).
Temperature was set to 298.2(1) K by circulatingewghrough the jacketed titration vessel.
To avoid the ingress of GOthe cell was kept under a blanket of argon thad twumidified

by bubbling the gas through an identical solutidnsopporting electrolyte. Standardized
reagents (0.2 M KOH and HCI solutions) were pregparethe binary solvent mixture form
Titrisol ampoules (Merck) and analytical-grade naeibl (Carlo Erba) and kept under argon.
The experimental setup and general procedure wergical to those described elsewhere in
detail® Prior to each experiment, the glass-electrode swaked for at least 30 min in the
supporting electrolyte solution and then calibratedconcentration units by performing a
strong acid-strong base titration (p[H] = — log'TH The autoprotolysis constant of water in
the methanolic medium Ky = 14.10, | = 0.2 M KCI,T = 298.2(1) K) was determined
independently by the method of Fischer and Byée titration data were analyzed using the
HYPERQUAD 2013 prograrﬁ.

Acid-Base Properties of the Tpy Building Block.The tetrapyridinium cation [Tpy]**
(Tpy stands for tetrakis(4-pyridyloxymethyl)meth@nef tetrahedral geometry is one of the
key component of the supramolecular porous ardhiteSPA-2 described herein. As pyridyl
moieties are well known to act as weak bases,péaged crucial to investigate the acid-base
properties of the conjugated free-base Tpy. Foulsliy reasons, potentiometric titrations
were carried out in a methanol-rich binary solvemkture with water (MeOH/RD 80:20
v/v). lonic strengthl(= 0.2 M KCI) and temperaturd €& 298.2(1) K) were strictly controlled
during each experiment, while G@as excluded from the headspace of the titratessel by
maintaining it under a slight overpressure of argdpon adding a slight excess of base (0.2
M KOH), the titration curves recorded by incremémtadition of a standardized 0.2 M HCI
solution display two sharp inflection points, capending to the neutralization of the added
strong base and to the addition of 4 equivalentacid per molecule of Tpy, respectively.
Thus, the tetrapyridyl derivative Tpy behaves, mgeeted, as a tetraprotic base, with four
stepwise-protonation constantsof,, h = 1-4, eq 1-2) lying closely together in the range
accessible to a glass-electrode.

(h-1)+ 4 —0th
LH, " +H LH} with0<h<3 (2)
. [LH)
01h = 2
|LHE D | [H] @
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h
Boin = HKmi 3
i=1

Their numerical values were deduced from the glebalilibrium constantgyi, (eq 3) refined
using the nonlinear least squares program HYPERQUAIB? Their average corresponding
to four independent titrations, together with thesisociated standard deviation, are listed in
Table S3. Accordingly, it can be concluded that Dphaves a weak base prevailing at more
than 99% above pH 7.8, while [Fpy]*" is formed at more than 99% below pH 2.33 in the
80:20 v/v methanol/water mixture.

Table S3.Apparent Stepwise Protonation Constatsg,j of Tpy and Model Ligands Determined by
potentiometry in MeOH/BD 80:20 v/v,| = 0.2 M KCI, T = 298.2(1) K.

Ligand logKo11 log Ko12 log Ko1s log Kous
Tpy 5.8(2) 5.04(7) 4.8(1) 4.3(1)
Pyridine 3.87(2)

5.2125.24
(4-MeO)Pyridine 6.47,6.58

2 Solvent: pure MeOHT = 298.2(1) K! ° Solvent: water] = 0.1 M KCI, T = 298.2(1) K
° Solvent: water| ~ 0, T = 298.2(1) K®  Solvent: waterl ~ 0 ,T = 298.2(1) K’

For comparison purposes, the protonation constdnpyridine has also been
determined under the same experimental conditibims.experimentako11 value is about 1.3
logarithmic units lower compared to those repoitedhe literature for both pure solvents.
This observation follows a general trend among asyias their protonation constants drop by
up to about 1.2 log units with increasing amouritsiethanol until a minimum is reached for
alcohol contents of about 70-8G%ence, a decrease of similar magnitude of Kag is
expected for the model compound, 4-methoxypyridwi#) respect to the values reported in
aqueous media (lol§o11 ~ 6.5-6.6f Owing to the electron donating character of a megh
group, 4-methoxypyridine is more basic than theubsstuted heterocycle, with an estimated
log Ko11 Of ca. 5.2 in 80% methanol. Interestingly, thitueafalls very close to the average of
the four protonation constants measured for TpyKlg = 5.0).

As this compound possesses four strictly identbains, it is worthwhile to discuss
the relative magnitude of the free-energy cost oftgmating a pyridyl group in the
neighborhood of positively charged pyridinium mast which is reflected by the;
parameter 4}; = log Koz — Kogj With j =i + 1). As encountered for the vast majority of
systems, the stepwise binding constants decreaadilgtas the number of protons taken up
by the ligand increases, a phenomenon classiogligraed to non-cooperativity (i.e. binding
of an additional substrate cost more and more ghe@pmpounds that derogate from that
rule, also called cooperative systems, are extrenseldom as far as protonation is
concerned. Two main contributions usually account for thedyral decrease in basicity: the
ever-increasing electronic repulsion energy betwpenitively charged species and the
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statistical factor. The latter effect, which rekate the probability of the entering substrate to
find an unoccupied binding site, can be easilydist out for a polytopic receptor havihg
identical and independent sites (i.e. statisticatling). For at = 4 as encountered herein, it
can be demonstrated that statistical binding evestglt in an affinity decrease in the order of
4Q < 3,Q < 45Q < /,Q, whereQ is the site-specific or intrinsic binding constartich equals
the average the four stepwise binding constdntider such circumstances, it follows that
Do = Dss = log 85 ~ 0.426 andds = log %, = 0.352. Larger differences between
experimental stability constants than those comedimg to the aforementioned statistical
factors can therefore be assigned to coulombicsifé-or Tpy, the observed gaps between
the apparent protonation constamdis = 0.8,4, 3 = 0.2, andd; 4 = 0.5) come close to these
threshold values, highlighting the rather independehavior of each pyridyl arm.
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