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ABSTRACT: The host−guest inclusion complexes of cucurbiturils
with alkyl viologen have interesting architectures, chemical
properties, and potential applications in sensors and nano-
technology. A highly hydrated triclinic crystal of cucurbit[8]uril
(CB[8]) complexed by methyl hexadecyl viologen (MVC16) is
characterized by the unprecedented coexistence in the crystal of
three host−guest complexes with 3:2, 2:2, and 1:1 stoichiometries.
In all these complexes, the hook-shaped alkyl chain of the MVC16
is hosted in the CB[8] macrocycles, while the methyl viologen
moieties have various environments. In the Z-shaped 3:2 complex, a
central CB[8] unit hosts two viologen heads in the cavity, while the
2:2 complex is held together by π-stacking interactions between two
viologen units. In the square 2D tiling crystal packing of CB[8]
macrocycles, the same site which favors the dimerization observed in the 2:2 complex is also statistically occupied by a single methyl
viologen moiety of the 1:1 complex. The rational interpretation of the crystal structure represented an intriguing challenge, due to
the complicated statistical disorder in the alkyl chains hosted in CB[8] units and in the methyl viologen moieties of 2:2 and 1:1
complexes. In contrast with the solution behavior dominated by the 2:1 complex, the coexistence of three host−guest complexes
with 3:2, 2:2, and 1:1 ratios highlights the fundamental importance of packing effects in the crystallized supramolecular complexes.
Therefore, the crystallization process has permitted us to capture different host−guest systems in a single crystal, revealing a
supramolecular landscape in a single photo.

Cucurbit[n]urils (CB[n]), composed of n glycoluril units
cyclic connected by 2n methylene linkers, represent an

interesting example of versatile host molecules in supra-
molecular chemistry.1−5 These highly symmetric pumpkin-
shaped molecules have a hydrophobic hollow cavity and two
rimmed polar ureido carbonyl openings, the sizes of which
increase as n increases.1 In fact, the various CB[n]’s have the
same depth (9.1 Å), but their annular widths and equatorial
widths vary systematically from CB[5] to CB[10]. The two
symmetric portals range from 2.4 Å in CB[5] to more than 10
Å in CB[10].1 Within this family, the CB[8] molecules are a
good compromise for the host−guest properties, because their
6.9 Å portals can accommodate in the cavity aromatic
molecules as well as long aliphatic alkyl chains in a U-folded
conformation.6 Furthermore, more propensity to crystallize is
shown with respect to the odd-numbered cucurbiturils.7 This
remarkable macrocyclic structure represents a well preorgan-
ized platform for sensor development, nanotechnology, and
biomimetic chemistry.4,8−10 A large number of host−guest
inclusion complexes of CB[n] with interesting architectures,
chemical properties, and potential applications have been

reported.8,11−14 Among these supramolecular complexes,
viologen compounds are special guest molecules in CB[8]
chemistry, as they can develop strong and specific host−guest
interactions which can be chemically, photochemically, or
electrochemically controlled.15−17 Furthermore, the interaction
with CB[8] can be modulated by the presence of alkyl
substituents with various chain lengths on the viologen guest,
which can significantly change its complexation mode and the
stoichiometry of the supramolecular complex that can be
formed.18 It should be noted that complexes of CB[8] have in
general a less predictable stoichiometry, owing to its larger
cavity compared to the smaller CB[5], CB[6], and CB[7]
members. In fact, it has been observed that CB[8] has the
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ability to form 1:1 binary,18 2:1 and 1:2 ternary,6,19 2:2
quaternary,20 and 3:2 quinternary21 complexes with various
viologen derivatives, as well as n:n oligomers8 and 2n:n host−
guest22 supramolecular polymers.
Recently, we have reported a thorough study of the influence

of the alkyl chain length on the binding mode of methyl alkyl
viologens to CB[8].6 The complexation of cucurbituril in
water, investigated by NMR spectroscopy and ITC, showed a
clear switch from 1:1 to 2:1 host/guest stoichiometry on
increasing the chain length of the alkyl viologen from 12 to 18
carbon atoms. The formation of the 2:1 host/guest complex is
a direct consequence of the inclusion of the viologen unit in

one CB[8] unit and the folding of the longer alkyl chain buried
in a second CB[8] hydrophobic cavity. In particular, the
unprecedented 2:1 stoichiometry observed in the crystal
structure of CB[8] complexed with methyl octadecyl viologen
identified 12 as the minimum number of carbon atoms
necessary to fill the CB[8] cavity by an aliphatic chain with a
U-shaped conformation.23

Here, we report for the first time the crystal structure of
CB[8] complexed by methyl hexadecyl viologen (MVC16),
featuring the unprecedented coexistence of three host−guest
complexes with different stoichiometry, namely, 3:2, 2:2, and
1:1, in a highly solvated single crystal.

The light pink, plate single crystals of CB[8]•MVC16 were
analyzed by X-ray diffraction using synchrotron radiation and a
cryo-cooling technique (100 K). The electron density maps
revealed that the asymmetric unit of the triclinic crystal (Figure
1) contains two entire CB[8] molecules located in general
positions and two half CB[8] molecules located on crystallo-
graphic inversion centers. These macrocycle molecules are
complexed by a total of 2.5MVC16 molecules localized in four
different sites, one at full occupancy and three at half-
occupancy. The crystal packing shows that MVC16 molecules
with partial occupancy are overlapped in various modes. Two
independent MVC16 molecules at half-occupancy show π-
stacking of the aromatic heads (Figure 1, MVC16 in cyan
color), while the same site is also occupied by the aromatic
head of the other independent MVC16 molecules at half-
occupancy (Figure 1, MVC16 in yellow color). A more
complicated overlap involves the aliphatic tails of MVC16
molecules hosted in the CB[8] annuli. The alkyl chain of the
MVC16 with partial occupancy, hosted in a centrosymmetric
CB[8], overlaps with its inversion related molecule, while the
alkyl chains of the other two crystallographically independent
MVC16 molecules with partial occupancy are statistically

Figure 1. Stick representation of the asymmetric unit of CB[8]
•MVC16. Hydrogen atoms, water molecules, and counter-anions are
omitted for clarity. Two half-molecules of CB[8] are completed by
crystallographic inversion symmetry. The overlapped MVC16
molecules, two represented with the carbon atoms in cyan and one
in yellow, have 50% occupancy factor.

Figure 2. Stick representation of the three different host−guest
complex units observed in the crystal structure of CB[8]•MVC16:
(a) 3:2 CB[8]•MVC16 host−guest complex; (b) 2:2 CB[8]
•MVC16 host−guest complex; (c) 1:1 CB[8]•MVC16 host−guest
complex. Hydrogen atoms are omitted for clarity.

Figure 3. Stick representation of the main interactions between
CB[8] and MVC16 involving the viologen moiety: (a) 3:2 CB[8]
•MVC16 host−guest complex; (b) 2:2 CB[8]•MVC16 host−guest
complex.
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hosted by the same asymmetric CB[8] with opposite
orientation. The overall result is reflected in a very complicated
crystal packing of intriguing and complicated interpretation
(see below).
The asymmetric unit is completed by five chlorine

counterions distributed over 9 sites and about 30 partially
disordered water molecules located in the electron density of
the remaining potential solvent accessible volume. These
solvent-accessible voids correspond to about 30% of the
volume of this highly solvated crystal. Residual electron density
associated with a further 25 highly disordered water molecules
was taken into account in the structure factors by back-Fourier

transformation. Thus, a total of about 55 water molecules can
be postulated in the asymmetric unit, consistent with a solvent-
accessible volume of 2125 Å3 and expected volumes of a
hydrogen-bonded H2O-molecule of 40 Å3. Surprisingly, the
analysis of the packing indicates the coexistence in the same
crystal of three different complex units of CB[8]•MVC16 with
3:2, 2:2, and 1:1 host−guest stoichiometry (Figure 2).
The centrosymmetric 3:2 host−guest complex (Figure 2a) is

characterized by a central CB[8] molecule, which functions as
a dimerization center by hosting the aromatic heads of two
MVC16 guests, while the aliphatic tails are hosted in a hook-
like conformation by two other macrocycles. The terminal
methyl-pyridinium group of MVC16 weakly interacts with the
carbonyl groups of CB[8] through charge−dipole and C−H···
O interactions, with the shortest N···O and C···O distances of
3.93 and 3.23 Å, respectively. A hydrogen atom of the methyl
group points toward a CO group of CB[8] with H···O
distance of 2.40 Å (Figure 3a). The methyl group and the N-
pyridinum atom are located inside the cavity at distances from
the CB[8] carbonyl O-portal planes of 1.24 and 0.39 Å,
respectively. The pyridinium mean plane forms an angle of
33.8° with the portal plane. The two pyridinium moieties of
the viologen group are mutually rotated by only 19.6°. This
conformation allows the formation of another interesting
interaction between the second, external aromatic pyridinium
group and a carbonyl group of CB[8], which is oriented
toward the center of the aromatic ring with a distance of 3.01 Å
between the oxygen atom and the ring mean plane (Figure 3a).
The two parallel symmetry related pyridinium guests hosted in
the central CB[8] ring are at a distance of 5.82 Å. The
significantly negative electrostatic potential at the portals and
within the cavity of CB[8] permits the assembly of these two
positively charged guests.
For comparison, in the previously reported 2:1 CB[8]

•MVC18, the complexation of the viologen group was
completely different.6 In that case, the viologen moiety was
completely inserted into the CB[8] cavity with an orthogonal
orientation with respect to the portal plane and with the alkyl
groups external to the cavity. The partial insertion of the
aromatic units observed in the present structure is more
reminiscent of that observed in the 1:1 CB[8]•MVC10
complex in which the viologen unit was leaning from the
CB[8] portal with an angle of about 37°.18 However, in that
case the orientation of the alkyl groups was opposite, with the
methyl group external and the decyl group inserted in the ring
with a hook-shaped conformation. The typical hook-shaped
conformation of the alkyl chain is observed in the complex-
ation of the terminal CB[8] hosts. The fourth carbon atom of
the hexadecyl chain lies on the carbonyl portal, confirming that
12 is the minimum number of carbon atoms necessary to fill
the CB[8] cavity. This carbon atom on the portal is in the
center of four consecutive trans C−C bonds which links the
hook-shaped terminal inserted into the cavity and the initial
part of the chain connected to the methyl viologen moiety.
The initial N−C and C−C bonds assume torsion angles of
about 90°, thereby directing the alkyl chain almost
perpendicular to the aromatic unit. The particular conforma-
tion of the MVC16 clips the external CB[8] units to the
central unit, which results in an overall Z-shaped architecture
of the complex with angles between CB[8] portals of 85.4°
(Figure 2a). The two different host−guest interactions of
CB[8] units with the inclined methyl viologen and with the
hook-shaped alkyl chain observed in this 3:2 complex produce

Figure 4. Ovalization of the four crystallographycally independent
CB[8] units represented with van der Waals spheres: (a) central and
(b) terminal macrorings of 3:2 CB[8]•MVC16 host−guest complex;
(c) macroring on the 2:2 CB[8]•MVC16 host−guest complex; (d)
macroring of the 1:1 CB[8]•MVC16 host−guest complex. The
minor and major axes of the ellipsoidal portal are depicted as dashed
lines (CO···OC in red, C−H···H−C in black).
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two significant different ovalizations of the D8h symmetric
molecule (Figure 4a,b). The difference between the minor and
the major axes of the ellipsoidal portal is 1.29 Å for the central
CB[8], while the values for the terminal CB[8] are 2.94 and
3.26 Å for the internal and external (to the complex) portals,

respectively. In addition, these axes pass through oxygen portal
atoms in the case of the central CB[8] (Figure 4a), while they
pass between adjacent oxygen atoms for the terminal hosts
(Figure 4b). This indicates not only a difference in the degree
of ovalization, but also a difference in where the CB[8] is
pinched.
The 2:2 host−guest complex is characterized by the

complexation of the terminal aliphatic chains of the MVC16
inside the CB[8] rings with a mutual π-stacking interaction in
antiparallel fashion of the viologen moieties (Figure 3b). In
particular, the face-to-face stacking interactions involves the
pyridinium units connected to the hexadecyl chains with a
short distance of 3.56 Å between the two centroids.24 A long-
range electrostatic interaction involves each positively charged
N atom of the methyl-pyridinium groups with a carbonyl
group of the CB[8] which hosts the other MVC16, with N···O
distances of 3.09 and 3.12 Å (Figure 3b). The layer
organization of the crystal packing of CB[8] with an open
square 2D tiling scheme, in which the parts of the guest
molecules external to the macrocycle occupies the interstitial
space, is pivotal in the stabilization of the π-stacking interaction
between the positively charged groups. In fact, the pyridinium
ions are sandwiched between the oxygen portals with negative
electrostatic potential (Figure 5). A similar 2:2 complex
stabilized by π···π interactions between the aromatic moieties
of adjacent guests was observed in the crystal structure of
CB[8] with 1-dodecyl-3-carboxymethylbenzotriazole.25 In that
case, 1:1 host−guest complexes were formed in aqueous
solution, while 2:2 host−guest complexes were observed in the
solid state by π···π dimerization of partially exposed
benzotriazole moieties. The conformation of the alkyl chain
and the deformation of the CB[8] cavity in the present 2:2
complex are similar to that observed in the 3:2 complex. The
differences between major and minor ellipsoid axes, which pass
through the O atoms, are 2.42 and 2.16 Å for the internal and

Figure 5. Crystal packing viewed along the triclinic cell axes a, b, c, (parts a,b,c) and along the reciprocal a* axis orthogonal to the bc plane (d). For
clarity, only one layer is represented in d).

Figure 6. Stick representation of the statistical disorder observed in
the crystal structure of CB[8]·MVC16. The two alternative
dispositions with 0.5 of occupancy factors of the MVC16 ligand in
the 2:2 (cyan) and 1:1 (yellow) complexes are shown in (a) and (b).
The CB[8] units for these two statistically disordered dispositions (a)
and (b) are superimposed, therefore resulting in full occupation of the
macrorings.
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external portals, respectively (Figure 4c). The 1:1 complex is
characterized by a simple and similar host−guest interaction
involving only the MVC16 alkyl tail and the CB[8] unit. This
macroring, which lies on a center of crystallographic symmetry,
shows an ovalization with a difference in the axes passing
between adjacent oxygen atoms of 3.18 Å (Figure 4d). This
deformation is very similar to that observed for the terminal
CB[8] units of the 3:2 host−guest complex (Figure 4b).
The layer organization of the crystal packing is illustrated in

Figure 5. The 2D assembly of the orthogonally oriented CB[8]
molecules lies on the bc plane of the crystal with a square 2D
tiling arrangement (Figure 5d). Each CB[8] molecule interacts
in the layer with four orthogonally oriented neighboring CB[8]
molecules through extensive C−H···O hydrogen bonds (from
6 to 8 C−H···O distances below the sum of vdW radii for each
CB[8]−CB[8] interaction). Each CB[8] molecule acts as an
H-donor toward two neighboring CB[8] molecules and as an
H-acceptor toward the other two molecules, which partially
close the CB[8] portals. There are two similar but distinct
types of square cuboid interstitial spaces formed by four
neighboring CB[8] molecules. One is filled by the external
parts of two viologen moieties involved in 3:2 complexes,
related by a crystallographic inversion center. The second is
statistically occupied by the heads of the MVC16 moieties
involved in 2:2 and 1:1 complexes. The rational interpretation
of the electron density maps showing the overlap of this
statistical disorder represented an intriguing challenge, not
least because both complexes also showed a statistical disorder
in the alkyl chains hosted in the CB[8] molecules. The CB[8]
of the 1:1 complexes lies on inversion centers, while the two
CB[8] units of the 2:2 complexes are related by the
translational symmetry along the b axis. The two alternate
dispositions of the 2:2 and 1:1 complexes, interpreting the
0.50/0.50 statistical disorder, are represented in Figure 6. The
overlap of these complexes results in full occupation of the
macrocycles. Therefore, the overall crystal structure exhibits
the full occupancy of the CB[8] units with alternating chains of
3:2 complexes and 2:2/1:1 complexes packed along one
direction of the layer, resulting in a c-axis of 52.54 Å (Figure
5d). This peculiar alternation of supramolecular complexes is
rather intriguing considering that the driving force responsible
for the systematic placing of the guests in a constant CB[8]
framework should be minimal.
In conclusion, the highly solvated single crystal of CB[8]

complexed by MVC16 shows the unprecedented coexistence
of three host−guest complexes with different stoichiometries,
namely, 3:2, 2:2, and 1:1. In all complexes the alkyl chain of
the MVC16, in the typical hook-shaped conformation, is
hosted in the CB[8] macrocycles, while the methyl viologen
moieties are differently assembled. In the Z-shaped 3:2
complex, a central CB[8] unit hosts two viologen heads. The
2:2 complex is characterized by a π-stacking interaction
between the viologen units. The same sites which favor the
dimerization interactions of 2:2 complexes are also statistically
occupied by methyl viologen moieties of 1:1 complexes.
Therefore, in contrast with the solution behavior dominated by
the 2:1 complex, the X-ray structure shows the coexistence of
three complexes with different stoichiometry (3:2, 2:2, and
1:1) and architecture, thereby highlighting the fundamental
importance of the crystal packing effects in solid-state
supramolecular chemistry. The multiple C−H···O interactions
between each cucurbituril might reach a level sufficient to
stabilize the entire crystal packing.7 This recalls the concept of

multivalency,26 in which several carbonyl oxygens of the
CB[8] portal can form multiple interactions with the methine
and methylene H atoms of neighboring curcurbituril rings. The
supramolecular process of crystallization of supramolecular
host−guest systems (in other words “supramolecular second
order”) involves intermolecular interactions in a small energy
window. Therefore, the crystallization process, governed by
better directional interactions versus better packing, has
permitted us to capture different host−guest systems in a
single crystal, revealing a supramolecular landscape in a single
photo.
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