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Abstract: The increasing demand of species for the efficient
capture and sensing of anions benefits from a systematic
study of anion binding capabilities in the solid state. This
work reports a detailed crystallographic study of ten structur-
ally related podands and shows that these charged receptors

bind anions with a combination of charge-assisted halogen
and hydrogen bonds. Computational tools helped in high-
lighting the role of the different involved interaction and
afforded possible design principles for the design of
improved podands.

Introduction

The study of molecular recognition phenomena in the solid
state and of the underlying intermolecular interactions driving
the crystal packing is a well-established research field in
supramolecular and materials chemistry.[1] In particular, it is
well-known that the crystallization process by which molecules
are mutually recognized and assembled into crystal is influ-
enced by various parameters, such as molecular shape and
volume, complementarity of molecular surfaces,[2] as well as by
the effect of the specific non-covalent interactions.[3]

Anion binding is a classic theme in host-guest chemistry
research. The presence of anionic species is ubiquitous in
biological and abiotic systems and plays a central role in fields
such as chemistry, biology, medicine and environmental
science.[4,5] For example, phosphate and nitrate anions are
involved in important environmental issues such as
eutrophication.[6] Acetates are known to be key moieties in
influencing the biochemical behavior of enzymes and
antibodies,[7] and the delicate regulation of halides is crucial for
the biosynthesis of hormones (iodide),[8] or for the prevention of
cystic fibrosis (chloride).[9] Furthermore the sensing and capture
of specific anions are also very important research fields
impacting soil remediation and waste management. For
example the detection and removal of the pertechnetate anion
(containing the potent β-emitter 99Tc) is becoming extremely
important for nuclear waste management.[10]

Generally, the recognition of anions by synthetic receptors
tries to mimic the natural systems where biomolecules use
complex arrays of non-covalent interactions for the selective
binding of these negatively charged units.[11] Over the years, a
vast number of synthetic receptors with a large variety of
molecular structures have been proposed and developed,
extending the scale of the binding affinities towards anions.
The recognition phenomenon between the anion and the
receptor is usually driven by non-covalent interactions, such as
charge-charge interactions, metal coordination, hydrogen
bonds (HB), halogen bonds (XB), other σ-hole interactions and
anion-π interactions.[4,5] Thanks to the variety of the
supramolecular tools available to researchers, different strat-
egies for anion binding have been proposed, starting from the
use of a single non-covalent interaction (e. g., only HB) to the
use of a combination of non-covalent interactions such as an
anion-π and a charge-charge interaction which may act alone
or cooperatively. The latter approach has been largely applied
in the past years showing that the use of multiple non-covalent
interactions may indeed enhance the affinity and selectivity of
the binding phenomena between the receptor and the anion.
In this research area, the charged podand receptors based on
1,3,5-2,4,6-substituted benzenes have been widely used to bind
ions thanks to the functionalization with different groups, as
reported in pioneering papers by Raymond,[12] Anslyn,[13] and
Steed.[14]

In line with this approach, we decided to develop a small
library of podand receptors based on 1,3,5-2,4,6-functionalized
benzenes (Figure 1) bearing halogen bonding and hydrogen
bonding donor groups, with the aim of studying their ability to
bind anions in the solid state. Here, we report on a
comprehensive crystallographic and computational study of
their anion binding capabilities investigating the binding role of
halogen and hydrogen bonds.

Halogen bonding,[15] is a relatively recent addition to the
toolbox of supramolecular chemistry,[16] which has been only
exploited in the past ten years in the field of anion
recognition.[17] Notably, several cases of podand receptors which
have neutral or charged moieties bearing halogen bonding
donor units have been reported[18–20]. For instance, Stilnović
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et al.[21] evaluated a library of simple protonated or methylated
halopyridinium iodides showing the effectiveness of these
charged moieties to function as good XB donors towards the
iodide ion in the solid state, while White et al. investigated
iodo- and bromopyridinium based tripodal receptors high-
lighting their good binding affinities for the anion recognition
even in solution.[22] In all the reported cases where a podand
receptor was used, the structural orientation of the podand-
arms played a key role. The spatial arrangement of the
halopyridinium rings, namely up or down in relation to the
plane described by the central aromatic ring, could be pre-
organized, up to a certain extent, by varying the nature of the R
groups (Figure 1) bonded to the benzene ring. This structural
organization of the podand-arms could be and has been used
to enhance the binding affinity toward anions. Indeed, it has
been estimated that the alternating up and down (ududud)
orientation of the podand-arms could lead to an energetic gain
in the binding of about 15 kJ/mol.[23]

Motivated by these findings, we developed charged tripodal
receptors combining hydrogen and halogen bonding donor
groups in the 1,3,5-2,4,6-alkyl functionalized benzene core. In
addition, we selected the ethyl unit as alkyl moiety linked to the
central aromatic core since this should favor the preorganiza-
tion of the system into a tripodal receptor featuring three
chelating arms up. This pre-organization should promote the
ability to bind the anionic substrates by a combination of
charge assisted HBs and XBs.

In the following discussion, we present the investigation of
a series of charged podand molecules featuring 3-substituted
pyridinium arms capable of anion recognition in the solid state.
The different interactions occurring in the systems studied were
evaluated by means of Hirshfeld surface analysis,[24] and
Interaction Region Indicator (IRI) analysis,[25] which helped us in
highlighting the strengths and weaknesses of the podand
design based on pyridinium arms in respect to other systems.

Results and Discussion

Materials Design. The molecules studied in the present paper
are depicted in Figure 1. We used the 1,3,5 tripiridynium-2,4,6-R
(R= methyl or ethyl) benzene core. The pyridinium rings are in
turn meta substituted with different groups, halogens (F, Cl, Br,
I) and methyl. We also prepared the pyridinium salt A, deemed
useful for comparison (ESI). The unsubstituted (H substituted)
receptor 0 was already reported and will be only briefly
discussed here.[14]

The anion receptors reported in this work were synthetized
as bromide salts. Bromide (Br� ) is a strong XB acceptor,[26] and
an ideal candidate to explore the coordination of the receptors
in the solid state. Nevertheless, other anions, such as triflate
(OTf� ) and tetrafluoborate (BF4

� ), which are more weakly
coordinating than bromide,[27] were explored in combination
with the strongest XB donors in our series: the meta-iodopyr-
idinium receptor.

Description of the X-ray structures, general considera-
tions. We studied a total of 10 crystal structures, which are
reported here. We obtained two different solvated species of
receptors 1 and 7. Considering only the pyridinium moieties,
the podand host assumes two basic conformations: the “three
up” (3u), in which the three pyridinium arms are on the same
side of the plane defined by the central benzene ring, and the
“two up one down” (2u–1d). The hosts based on the 1,3,5-
triethylbenzene scaffold 1–6 have additional conformations,
based on the up or down conformations of the ethyl groups in
respect to the pyridinium rings as reported by Hof.[23] In the
following we will appoint with u or d the conformation of
pyridinium moieties and U or D those of ethyl groups. In
general, in the hosts having the 3u conformation, the three
pyridinium arms form a cavity capped by one of the three
anions, bonded by an array of CHarom···anion interactions, as in
structures 1, 3, 4, 5 and 8. No cavity is formed in the case of the
2u conformation, as in structures 1a, 2, 6, and 8. The other
anions interact with the host molecules by anion···π, HB or XB
and with the solvent molecules. Dispersive interactions among
the podands and the anions, and among the podand molecules,
are hardly understandable in terms of short contacts and are
better visualized through the IRI analysis (see below). We
describe these general features in detail for the structure 1 and
briefly for the other structures.

1: The receptor adopts the stable uDuDuD conformation,
with weakly distorted C3 symmetry. As previously indicated, one
of the bromide anions [Br(1), see Figure 2] caps the host’s cavity
through six charge-assisted CHarom HB, where each ring acts as a
bidentate donor. The observed C···Br� distances are in the range
3.462–3.861 Å. Similar CH···halide contacts were recently shown
to be important in dictating the host-guest geometry in
imidazolium-based hosts.[28] The coordination sphere of this Br�

is completed by three water molecules (O···Br� distances being
3.326 1nd 3.330 Å) and by an additional HB with one aromatic
ring of an adjacent receptor molecule. The Br(2) anion is
halogen-bonded to iodine atoms on the pyridinium arms being
the I(2) ····Br(2) length 3.179 Å and the C� I(2) ···Br(2) angle
178.43 °; here too the coordination sphere of the anion being

Figure 1. The podands studied in the present investigation. All the crystal
structures show co-crystallized solvent molecules, whose nature and
number are reported in the list.
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completed by HB with different water molecules (the O···Br(2)
distances span the range 3.428-3.463 Å). This bromide weakly
interacts with a pyridinium ring, the distance between the
anion and the centroid of the ring being 3.614 Å. The bromide
Br(3) shows a weaker XB, the I(1) ··Br(3) distance and the C� I(1)
··Br(3) angle are 3.328 Å and 167.50°, respectively. This bromide
anion shows only one HB with solvated H2O, the O ··Br

� distance
3.278 being Å; its coordination sphere is completed by three
podand molecules through two short contacts with CH moieties
and two with CH2 moieties.

1a: The receptor adopts a completely asymmetric uDuUdU
conformation.[23] The two up bromopyridinium arms point
towards a single bromide giving two cooperative halogen
bonds being I···Br� distances 3.276–3.340 Å and C� I···Br� angles
170.50-177.35° (Figure 3). The coordination sphere of this anion
is completed by a charge assisted HB among three CH2
involving three podand cations. The coordination spheres of
the other two Br� anions are similar: in both cases two HB with
solvated water are involved (O···Br� distances are in the range
3.273–3.494 Å), further CH2 and CHarom contacts with three
podand molecules are also present.

2: This structure is isomorph to the structure 1a, the
difference being the substitution iodine/bromine atoms in
pyridinium arms. The two cooperative halogen bonds show

about the same Br···Br� distances and C� Br···Br� angles as in 1a,
spanning the ranges 3.266–3.330 Å and 169.29–178.86°, respec-
tively (Figure 3); also the four OH···Br� contacts (in the range
3.262–3.498 Å) are very similar.

3: The receptor adopts an uDuDuU conformation, with a
strong deviation from the possible Cs symmetry

[23]. One Br�

anion and one of the solvated water molecules are strongly
disordered and were refined by splitting atoms over three
positions with different population factor; the H atoms bonded
to the disordered water molecule were not included. As it
happens in 1, one Br� anion caps the podand cavity with six
Carom···Br distances in the range 3.501–3.709 Å. The coordination
sphere of this Br� is completed by a HB with a solvated water
molecule (O···Br� distance 3.270 Å) and an XB with a chlorine
atom, the Cl···Br� distance and the C� Cl···Br- angle being
3.335 Å and 171.46°, respectively. (Figure 4). The second
ordered bromide anion shows two HB with solvated water
molecules (O···Br� distances 3.287 and 3.359 Å), an anion···π
interaction, and other two short CH2···Br

� contacts with two
different podand molecules. The large disorder of the third
anions, lying in a large cavity of the structure, makes mean-
ingless the discussion on its environment.

4: The podand molecule adopts the stable, nearly C3,
uDuDuD conformation as in 1.[23] A bromide anion caps the
cavity of the podand with six charge assisted hydrogen bonds,
the H···Br distances being in the range 3.45–3.94 Å (Figure 4).
The coordination sphere of this bromide is completed by two
HB with solvated water molecules (O···Br� distances 3.433 and
3.460 Å) and an anion···π interaction with a pyridinium moiety
(the minimum Br� ···Carom distance is 3.163 Å). A second anion is
linked by HB to two solvated water molecules (O···Br� distances
3.247 and 3.437 Å); the coordination sphere is completed by
anion···π interactions with two different pyridinium moieties
(the shortest C···Br� distances are 3.268–3.293 Å). This anion is
also linked to a third podand through a charge assisted
C� Harom···Br

� HB. Also the third bromide links two different
podands by anion···π interactions (the shortest C···Br� distances
are 3.240–3.317 Å), and a third podand by a C� Harom···Br

� HB,
but presents only one HB with solvated water molecules (O···Br�

distance 3.265 Å). No XB between fluorine atoms in the
pyridinium ring and the Br� is present; probably the low
polarizability of the fluorine atom makes the F···Br� less
favorable with respect to any H···Br� contact. Notably, there are

Figure 2. The asymmetric unit of the podand 1 shows the coordination of
the bromide ion within the pre-organized cavity of the host and the main
HB and XB of the structure, represented as cyan dotted lines. Color code:
grey=C, white=H, red=O, blue=N, ocher=Br, purple= I.

Figure 3. Comparison between the asymmetric units of the isostructural 1a
(left) and 2 (right). HB and XB are represented as cyan dotted lines. Color
code: grey=C, white=H, red=O, blue=N, ocher=Br, purple= I.

Figure 4. Partial coordination sphere of the bromide anion capping the
cavity of podand 3 showing the C� Cl···Br XB from a neighboring podand
molecule. Color code: grey=C, white=H, red=O, blue=N, green=Cl,
ocher=Br.
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two F···F short contacts with distances spanning the ranges
2.687–2.861 Å. The nature of these interactions is still under
debate in the literature (Figure 5).[29]

5: The receptor adopts the uDuDuU conformation, showing
nearly Cs symmetry. Here the three pyridinium arms adopt a T-
shaped conformation (Figure 6). The structure contains com-
pletely disordered solvated ethanol; we were not able to
establish the exact quantity of ethanol (and eventually of water)
molecules really present. As usual for 3u conformation, a
bromide anion caps the host’s cavity interacting with it by six
charge assisted hydrogen bonds with C···Br distances in the
range 3.448–3.950 Å. The coordination sphere of such Br� is
completed by contacts with a CH2 and a CH3 of two different
podand molecules and with a disordered ethanol. A second
bromide anion interacts with three podand molecules through
two CHarom, two CH2, a CH3, and a π contact. The third Br� anion
weakly interacts with four podand molecules through two
CHarom and two CH; disordered ethanol completes its coordina-
tion sphere.

6: The receptor is completely asymmetric, with uDuDdU
conformation[23]. One of the pyridinium up is disordered
essentially for a small change of the C� CH2� N angle. Two of the
three OTf� are strongly disordered. C� I bonds of the three arms
point outwardly with respect to the benzene and all the three I

atoms are X-bonded to OTf� ions with O···I distances and O···I� C
angles spanning the ranges 2.980–3.373 Å and 176.17-152.91 °,
respectively. The podand is partially disordered: one of the
pyridinium arms is split in two position with two slightly
different C� N-C angles. One OTf� links by XB two podand
molecules and is ordered, a second shows only one O···I contact
and the third is not halogen-bonded to the podand; the last to
OTf� are disordered over two positions each. Also, the molecule
of methanol is disordered around the crystallographic center of
symmetry (Figure 7).

7: At variance with host 1, 7 has methyl groups instead of
ethyl groups on the benzene core. The podand cation shows
the 2u–1d geometry. All the three iodine atoms are halogen
bonded to Br� with C� I···Br- distances and C� I···Br- angles
spanning the ranges 3.267–3.471 Å and 173.46–178.26 °,
respectively. Notably, one bromide also interacts with the
receptor by four charge-assisted CHarom hydrogen bonds (C···Br
distances 3.400-3.506 Å). These H-bonds are formed with the
two u arms of the podand. The coordination spheres of the
three bromide anions are completed by several H-bonds
established with MeOH solvent molecules and several CH···Br�

contacts with neighboring podands (Figure 8).
7a: This structure is very similar to that of 7, the different

crystallization conditions (H2O instead of CH3Cl/CH3OH) result-
ing in different solvent molecules in the crystal. Little differ-
ences between this structure and 7 are present in the pattern of
HB between the solvent and the Br� anions (see Figure S3) One
of the pyridinium arms shows the same type of disorder noted
in 6. Due to the very low resolution of the data we were not
able to refine the whole arm: only the iodine atom was split.
Also, one of the bromide anions is disordered, being split on
two site at 3.024 Å from a symmetry center where is located the
third part of this anion. These three positions may be partially
occupied by water, but the data quality does not allow for
verifying this possibility.

8: This structure contains two independent podand mole-
cules, namely A and B. A adopts the 2u–1d conformation,
similar to that observed in receptor 7 while B adopts a 3uFigure 5. The F···F contacts in 4 (anions and solvent molecules are omitted

for clarity). Color code: grey=C, white=H, red=O, blue=N, yellow=F.

Figure 6. The asymmetric unit of the podand 5 showing nearly Cs symmetry.
Disordered solvent is omitted for clarity. Color code: grey=C, white=H,
blue=N, ocher=Br.

Figure 7. The asymmetric unit of podand 6 reveals a strong array of charge
assisted HB and XB. HB and XB are represented as cyan and red dotted lines
respectively. Color code: grey=C, white=H, red=O, blue=N, yellow=F,
tan=S, purple= I, disorder is omitted for clarity.
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conformation: both the molecules are completely asymmetric.
There are six independent BF4

� anion units and all of them are
linked by XB to the six independent iodine atoms; the F···I
distances and F···I� C angles vary between 2.890-3.423 Å and
170.74-155.45°, respectively. Two BF4

� anions are bridging
couples of A and B podands, two link only one iodine atom; the
other two show only CH···F contacts and only one interact also
with a disordered solvate methanol molecule. One BF4

� anion is
located inside a cavity formed by podand B and interacts with
it by charge assisted CHarom hydrogen bonds with CH···FBF3

�

distances in the range 3.07–3.36 Å (Figure 9).

Structure-property relationships. The rationalization of the
data from the obtained structures requires to mediate among
the differences in the substitution pattern of the podands, their
different conformations, and the different anion identity. We
thus primarily focused on structures having the 3u conforma-
tion because of the importance of this conformation in the
anion binding in solution.[14,30] We also compared our structures
with the 2-iodoimidazolium based podand by Raatikainen
et al.[31] (labeled R) and with the monodentate N-benzyl-
iodopyridinium salt A, similar to that by Amendola et al.[32] with
Br� instead of PF6

� as anion. We also discussed the mono-
dentate N-benzyl-2-iodoimidazolium bromide salt M, similar to
that of Cametti et al. (Figure 10).[28] The strategy to compare the
present structures with similar systems reported in the literature
aims at analyzing either the effect of the binding unit,
pyridinium vs. imidazolium, and the effect of the platform –
tripodal vs. free-standing binding unit.

As a start, we decided to perform Hirshfeld surface
analysis.[24] As far as halogen···Br� contacts are concerned, we
note a trend I(1)>Cl>F, (I(1) are the iodine atoms of 1) where
iodine-containing receptor have the largest amount % of
contacts which decreases along the series up to the fluorine-
containing receptor (from 1.6 to 0.2%). This can be easily
rationalized: first of all, the most polarizable and polarized
halogen (iodine) has a higher tendency compared to the lighter
halogens (chlorine ad fluorine) to get involved in attractive XB
interactions.[33] Secondly, the size of the halogen atom
decreases from I to F so there is a higher probability for the
bigger halogens to get involved in close contacts with the
anion. Furthermore, XBs appear in structures 1 and 3 as distinct
spikes in the fingerprint plots (Figure 11) while no spikes (non-
bonding environment) are detected in the podand 4. In the
comparison with A, the free standing iodopyridinium unit,
however, we note that there is an increased amount of I···Br�

contacts with respect to 1 (up to 1.9%). Finally, the shortest
contacts and the more pronounced X···Br� spike belong to
structure R, which appears by this first analysis to be the best
XB donor (see below).

We also explored the distribution of both the length and
the population of the CH···Br� contacts in the 3u podands 1, 3,
4, 5 and 8 and observed a nearly invariant role in the different
receptors. This is a consequence of the design of reported
podands: these systems are plus three charged species in which
the Br� is found to be inserted within the host cavity. Thus, in
molecules having a similar conformation, a single atom
mutation on the pyridinium ring does not allow for significant
changes in the distribution and length of the CH···Br� contacts
(found in the 12.4 to 10.8% range), which is instead probably
just modulated by the nucleophilicity/electronegativity of the
halogen (having an effect of the strength of HB). It is interesting
to note, however, that the monodentate species A has indeed a
decreased amount of CH···Br� contacts with respect to the
podand 1 (8.3 vs 10.3%). As to R, the presence of CH···Br�

interactions are in line with those in 1 (10.3 vs. 10.8%). Overall,
these data suggest that the tripodal design limits the XB
contribution to the binding in comparison to free-standing
binding unit, as much as it increases that of CH HB sites.

Figure 8. The asymmetric unit of podand 7 reveals a strong array of charge
assisted HB and XB. HB and XB are represented as cyan and red dotted lines
respectively. Color code: grey=C, white=H, red=O, blue=N, yellow=F,
green=Cl, ocher=Br, purple= I.

Figure 9. The asymmetric unit of podand 8. Color code: grey=C, white=H,
red=O, blue=N, yellow=F, pink=B, purple= I, disorder is omitted for
clarity.

Figure 10. Chemical structure of R and M.
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The fact that the anion recognition for these systems occurs
inside the podand cavity[14] is both an advantage and a
weakness of these systems. In fact, due to the limited size of
the cavity which can be formed by using the 2,4,6-triethylben-
zene core, small anions fit perfectly inside, however, due to the
big size of heavier halogen atoms, their position in the
pyridinium ring does not allow for a synergistic binding inside
the cavity via XB. This also seems to be a general feature of
tripodal system based on a 1,3,5 benzene trisubstituted plat-
form (vide infra).

The geometrical description of the crystal structures used
above, in which we identified short intermolecular contacts and
described them as contributors to the overall crystal packing, is
quite informative. However, this description gives only a partial
picture about the factors that govern the crystal packing, and it
is of limited help to identify the complete interactional
landscape in solid-state structures. As stated before, the podand
receptors are triply positively charged, so we expect significant
electrostatic interactions. We clarified this point through the
analysis of the electrostatic potential (ESP) surface VS of the
receptors which show some interesting features. This was done
for structures 1, 3–4, for compounds R, A and M for the sake of
comparison, and are reported in Figure 12.

As expected, the ESP is entirely positive in all the molecules,
although we found important differences. First of all, the less
positive regions of ESP in the podand receptors are located on

Figure 11. From up to down, fingerprint plots of the salts 4, 3, 1, R and A
resolved into different interactions showing the percentages of contacts
contributing to the total Hirshfeld surface area of the molecule. Distances
are given in angstrom. Figure 12. Comparisons of molecular electrostatic potentials (B3LYP aug-

pcseg1) of the 1, 3–4, R, A and M salts plotted on the 0.001 au contour of
the electron density. VS,max (in kcal/mol) of halogen atoms are given in
brackets. The electrostatic potential on the halogen atom gets higher, more
positive, as its polarizability is increased.
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the halogen atoms, in particular on the area which is
approximately perpendicular to the C� X bond. This is due to
the fact that halogens are among the most electronegative
atoms and that they feature a considerable degree of polar
flattening when attached to electron-deficient moieies.[34]

Interestingly, in all cases within the tripodal compounds, the
positive electrostatic potential along the extension of the C� X
bond beyond the X atom (viz. “σ-hole”[35]) does not constitute
the most positive area of the entire podand. Furthermore, in
the fluorinated receptor 4, there is virtually no difference in the
local ESP of the F atoms, and the σ-hole develops in the order
F<Cl< I(1)< I(R) (no σ-hole for F). Podand R appears to have the
most positive values of VS,max on its halogen atoms, and thus R
might be a more effective XB donor compared to 1. ESP studies
were recently reported for simpler pyridinium salts,[21] and we
thus included structures A and M in the EPS comparison.
However, in this cases, absolute values are not meaningful as
the total charge changes (triple vs. single). A way to circumvent
this issue is to consider relative values: thus, we computed the
ratio between the VS,max at the halogen atom and the VS,max of
the entire molecule (Figure 12). This approach reveals that the
monodentate A is an even better XB donor compared to the
tripodal 1. A similar behavior is revealed by the comparison of
VS,max of R and the VS,max of M. It is interesting to note that the
highest halogen VS,max among the podand structures is shown
by the iodine atoms in receptor R suggesting that iodoimidazo-
lium cations are better XB donors compared to iodopyridinium
cations, regardless of binding unit being free standing (as in A
and M) or pre-organized onto a tripodal platform.

Finally, to better visualize the role of all of these
interactions, we investigated selected structures by using
Interaction-Region-Indicator (IRI) analysis and, in particular, the
associated reduced density gradient (RDG) isosurfaces.[25]

IRI is defined as follows

IRI rð Þ ¼
jr1 rð Þj
1 rð Þj ja

where 1 is electron density, r is coordinate vector and α is an
adjustable parameter, α=1.1 is adopted for standard definition
of IRI. IRI is essentially the gradient norm of electron density
weighted by scaled electron density. A visual explanation of
what is visualized on IRI isosurfaces is given in Figure 13.

The main advantage of IRI or the related DORI,[36] compared
to the NCI,[37] analysis is the possibility to simultaneously

visualize both covalent bonds and non-covalent interactions.
Specifically, we performed the IRI analysis to show the
importance of non-covalent interactions such as charge assisted
HB and XB, van der Waals (vdW) and to put in evidence the
differences in the interaction pattern with anions other than
Br� .

Looking at the snapshots of the IRI isosurface of structure 1,
some things are evident. First of all, the bromide anion inside
the cavity features several vdW interactions with the π cloud of
the aromatic rings and weak CH···Br� HB as shown in Figure 14.
Secondly, vdW forces -together with repulsive steric effects also
exist which occur between the aromatic rings and ethyl groups,
(Figure S1). Lastly, XB interactions (blue isosurfaces) are present
between the I and Br atoms as shown in Figure 14b.

We performed IRI on structure 8 as well, and it reveals vdW
interactions of the BF4

� anion with the cavity and moderate HB
with the ortho-pyridinium H atoms pointing inside the cavity as
in Figure 15. XBs are also present in this structure, although we
expect them to be weaker compared to those in 1 (Figure 14).
This fact can be rationalized by the fact that BF4

� is a lesser
coordinating and less basic anion compared to Br� and thus is
expected to give weaker XB when the same XB donor is
considered.[27]

The IRI analysis of structure 6 is reported in Figure 16. This
structure features a 2u–1d conformation and thus no cavity is
formed, nevertheless a OTf� anion is bound by vdW forces in
the pseudo cavity formed by two iodopyridinium rings and the
2,4,6-triethylbenzene core.

Even in 6, XB is present and the interaction of one of the
iodine atoms with one oxygen of the OTf� anion is highlighted
in Figure 16. As it happens in 8, these XB are expected to be
weaker compared to the I···Br� interaction in 1 due to the fact
that OTf� is a weaker XB acceptor compared to Br� .[27]

Figure 13. Details on how to interpret the role of different interactions
visualized by means of the IRI analysis, together with their associated color
code: strong HB and XB=blue, vdW=green, steric= tan to red.[25]

Figure 14. Isosurface maps of IRI=1 of structure 1. Maps follow the color
code of Figure 13. A: Br� inside the cavity, B: Br� involved in XB interaction.
Atoms color: H=white, C=grey, N=blue, Br= tan, I=purple.

Figure 15. Isosuface maps of IRI=1 of structure 8. Maps follow the color
code of Figure 12. A: BF4

� inside the cavity, B: BF4
� involved in XB

interaction. Atoms color: H=white, B=cyan, C=grey, N=blue, F=orange,
I=purple.
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Finally, we performed the IRI analysis on structure R
(Figure S2) showing three strong XB between the iodine atoms
and the Br� anions. These interactions are stronger compared
to those present in structure 1.

Overall, the presented data show that in all the studied
structures the binding occurs via a combination of vdW forces
and charge assisted HB and XB. The XBs are less relevant (σ-
hole less pronounced) in the pyridinium salts compared to the
imidazolium salts, suggesting that imidazolium-based salts
might be more effective in terms of XB contribution. Finally,
both systems seem to be not optimal for boosting XB
cooperative anion binding as the geometric constraint provided
by the benzene platform makes the convergence of XB donor
units towards a single anion impossible (Figure 17). This causes
HB to outperform XB in binding an anion in the host cavity.

Conclusion

Podand molecules represent a versatile platform for the design
of anions receptors. In this work, we described a class of
podands based on the 2,4,6-trisubstituted benzene core and
carrying pyridinium arms. The features of these systems in
terms of anion binding capability in the solid state is detailed.
Analyses of short contacts indicates that anions are recognized
by a combination of charge assisted HB and XB together with
non-specific charge-charge interactions. Analysis of the ESP and
IRI of selected podands confirmed these findings and, especially
IRI, showed the presence of vdW interactions between the
anion and the podand, especially when the former is bound by
the podands cavity. Due to severe steric hindrance, XB does not
participate in the binding of anions inside the cavity of a 3u
receptor, however it is still an essential ingredient in the
recognition of anions outside the cavity. The ESP and IRI
analyses are found to be very informative in the understanding
of the relative strength of HB and XB contributions and could
be used for the design of future XB based receptors.

Experimental Section
Synthesis. Anion receptors A, 1,2,3,4,5 and 7 were synthesized
adapting the methodology reported by Steed.[38] The chosen 3-
substituted pyridine and 1,3,5-tri(bromomethyl)-2,4,6-triethylben-
zene, benzyl bromide, or 1,3,5-tri(bromomethyl)-2,4,6-trimeth-
ylbenzene, were placed in a 5 ml grinding jar on a ball mill and
ground at 30 Hz for 90 min. We found that this protocol works also
for pyridine derivatives with severely electron-withdrawing sub-
stituents such as fluorine. The resulting solid (200 mg scale) was
washed twice with 1 ml of chloroform and collected by filtration to
afford the pure products. In all cases the yields are equal or greater
than 90%. Compounds 6 and 8 were prepared from 1 and 7 by
solution phase anion metathesis with silver triflate and silver
tetrafluoborate respectively. The metathesis was performed in
water and the precipitate of silver bromide was carefully separated
from the solution by centrifugation, washed with methanol, to
extract the residual compounds and discarded. After evaporation of
the water/methanol liquors, the compounds 6 and 8 were obtained
in 83% and 76% yield respectively.

Computational Details. Calculations were performed on a laptop
equipped with an Intel® Core™ i7-8750H Processor and 32 GB RAM.
The Hirshfeld surface analysis was performed with the Crysta-
lExplorer17 suite of programs,[39] while the Interaction Region
Indicator (IRI) analysis was performed with the Multiwfn 3.8
software,[40] coupled with VMD 1.9 as visualization software.[41]

Electron densities for the IRI analysis and electrostatic potentials
were obtained at the DFT level with the GAUSSIAN 09 W suite of
programs,[42] using the B3LYP functional,[43] and the aug-pcseg1
(superior to the aug-cc-pVDZ) basis set of Jansen optimized for DFT
calculations,[44] except for iodine atoms, for which the DGDZVP basis
set was used.[45] Geometries were taken from crystallographic
coordinates. Before the single-point energy calculations at the
experimental geometry started, C� H bond distances were re-
strained to the values obtained from neutron diffraction studies of
small molecules.[46] The electrostatic potentials were visualized
using the software MoleCoolQt.[47]

X-ray Crystallography. The single crystal X-ray structure were
determined on a Bruker Kappa Apex II diffractometer at 103 K using
a fine-focus MoKα tube, λ=0.71073 Å. Data collection and

Figure 16. Isosurface maps of IRI=1 of structure 6. Maps follow the color
code of Figure 12. Atoms color: H=white, C=grey, N=blue, F=orange,
S=yellow, I=purple.

Figure 17. Capped sticks superimposition of receptors 1 and R. Color code:
grey=C, white=H, red=O, blue=N, orange=Br, purple= I.
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reduction were performed by SaintPlus 6.01,[48] and absorption
correction, based on multi-scan procedure, by SADABS.[49] The
structure was solved by SIR92,[50] and refined on all independent
reflections by full-matrix least-squares based on Fo2 by using
SHELX-97.[51] All the non-hydrogen atoms were refined anisotropi-
cally. Hydrogen atoms were assigned to idealized positions and
were allowed to ride. The structures were registered in the
Cambridge Structural Database, see Table S1 for details.
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