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ABSTRACT: Cucurbit[n]urils (CB[n], n = 5—8) have been
prepared, separated, and purified, and the structure of their solid
state assemblies has been addressed. A number of general
features were identified which are of interest to understand
some peculiar properties of cucurbiturils (solubility, aggrega-
tion, assembly, transformation to porous crystals, influence of
air humidity). CB[S], CB[6], and CB[8] were isolated as
hydrate crystals whose structures were found to show a strong
tendency of the macrocycles to interpenetrate. A self-closing
effect was rationalized in terms of multiple weak CH---O
interactions between the macrocycles, the degree of which is
discussed in detail. Solid state cross polarization magic angle
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spinning (CP-MAS) ">C NMR spectra obtained at 900 MHz were correlated with the crystal structures. An odd—even effect in the

crystallinity of thermally treated CB samples (CB[S

] and CB[7] amorphous, CB[6] and CB[8] crystalline) was observed, which is

reflected in differences in water solubility (CB[S] and CB[7] are water-soluble, whereas CB[6] and CB[8] are only very scarcely so).
This may be explained by a less efficient self-association for CB[S] and CB[7] as compared with CB[6] and CB[8], which is reflected
in the number of inter-cucurbituril CH- - - O interactions per cucurbituril. This leads to a more favorable solvation for the CBs
having an odd symmetry, whereas those with even symmetry prefer to self-associate in a manner ultimately leading to crystallization.
We also propose an explanation for the presence of anions (CI ) inside some cucurbituril materials, whose cavity is often considered
hydrophobic. Furthermore, it is demonstrated that large quantities of the very stable microporous CB[6] crystals (which have the R3
channel structure) can be obtained very easily by a simple thermal treatment of the hexagonal crystals of CB[6] (P6/mmm structure)
obtained directly from the initial reaction used to synthesize the various CB[n]. The micromorphology of the CB[n] powders was
established using scanning electron microscopy (SEM), and the tendency of each material to absorb water from the atmosphere was

demonstrated by thermogravimetric analyses (TGA).

B INTRODUCTION

Cucurbit[n]urils (CB[n]) are glycoluril-based macrocycles
possessing a constricted hydrophobic cavity delineated by two
identical, polar carbonyl fringe portals (Chart 1)."* They are
attracting more and more interest because of their unprece-
dented properties, as for example their extremely strong binding
toward ferrocene derivatives (reachmg a value comparable with
that of the avidin - biotin palr) their potential for the construc-
tion of novel topologies* and molecular machines,” peptide
recognition6 and their use as drug carriers,” to cite a few
examples. Efforts are still ongoing to fully understand their
formation mechanism, and a comprehensive study on that point
has been published recently.® However, a detailed characteriza-
tion of the solid materials obtained after the synthesis and
purification of CB[n] has not been reported.”

Some of us recently reported that electron spin resonance
(ESR) spectroscopy could be used to observe the initial step
of the aggregation process of CB[7] and CB[8] in water'® with
the aid of a small paramagnetic probe that is included in the
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self-assembling macrocycles.'" We have also shown in previous
papers that cucurbiturils crystallize in certain cases to form water-
filled channels either through a columnar arrangement of
CB[6] or CB[8] (where water molecules are confined by the
inner surface of the cucurbiturils)'® or by the cyclic hexamer
stacking of CB[S] in HCI hydrate crystals (where water mol-
ecules are in the space defined by the center of the hexamer, that
is, by the outer surface of the cucurbiturils)."”* Kim and co-

workers recently showed that CB[6] could self-assemble in
certain conditions to yield porous organic crystals that can absorb
acetylene efficiently."* There are one-dimensional (1D) channels
in these crystals which are defined by the outer surface of the
CB[6] in a manner reminiscent of the hexamer crystal of CB[S].
The CB[6] crystals proved to be extremely stable upon heating,
considering that it is a crystal made from macrocycles held
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Chart 1. Molecular Structure of Synthetic Host Molecules CB[5] to CB[8]"
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Highly directional
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Carbonyl oxygens:
Highly directional
H bond acceptors

“Internal van der Waals free diameters are indicated at the widest and narrowest sections.

together by weak CH- + - O interactions."® A possible exglana—
tion may lie in the number of these hydrogen bonds.'® The
CH- - - O interactions thus appear to be a very powerful factor in
defining crystal assembly for the whole family of cucurbiturils.
However, a comprehensive description of the phases obtained
after purification for each cucurbituril (crystallinity, strength of
the assembly, water content, micromorphology) and a quantita-
tive description of the hydrogen bond schemes present in the
CB[#n] crystals have not been presented in the literature to the
best of our knowledge. Therefore, it appeared that a general solid
state study of the cucurbiturils was needed, which could provide a
comprehensive view of the phases obtained after the purification
steps and thus facilitate the use of the most important CB[n]s for
supramolecular'” applications starting from well-characterized
solid powders. In this paper, we describe the isolation of eight
representative phases based on CB[S] to CB[8] and the char-
acterization of these materials by a combination of several solid
state techniques.

B EXPERIMENTAL SECTION

Preparation and Purification of CB[n], n =5, 6, 7, 8. General
procedure: typically, glycoluril (100 g, 0.704 mol) was added to a SO0 mL
round-bottomed flask equipped with a magnetic stir bar. A 37% HCI
solution (142 mL) was then added to the flask. Paraformaldehyde
(42.2 g, 1.407 mol) was slowly added, allowing the solution to stir well.
The viscous solution was allowed to stir for 30 min more until the
solution set as a gel, which then was heated to 100 °C resulting in a rapid
dissolution of the gel. This solution was refluxed for 17.5 h at 100 °C,
then allowed to cool to room temperature, and the stirring was stopped
in order to allow the formation and growth of crystals during the next 24
h. The synthesis yields a mixture of CB[S], CB[6], CB[7], and CB[8] as
the main macrocycles, but iCB[6],%* iCB[7],* and CB[5]@CB[10]%°
were also present as impurities. The purification of the cucurbiturils
depends on several parameters.”*® One can rely on solubility differences
between the macrocycles (followed by recrystallization when possible)
or proceed through successive recrystallization in a time-consuming
procedure. In the course of our solid state study of cucurbiturils, we
found a somewhat easier procedure to get the whole set of macrocycles
(from CB[S] to CB[8]) by combining the procedures proposed in the
seminal papers of Kim”® and Day.Zd For the Kim paper,”® the synthesis is
similar but the purification is quite different principally relying on
fractional dissolution/crystallization/precipitation with water/acetone

mixtures (except for CB[8]). The proposed method of this work is
somewhat closer to that reported by Day et al.,, > which allows for rapidly
obtaining large quantities of fractions highly enriched in the desired
cucurbituril as well as pure fractions in our case (especially for CB[6] and
CB[8]). Using aqueous HCI 37% as the reaction solvent, the solution
was left to stand for one day after reaction, after which high purity
hexagonal crystals of CB[6] with the perfect stack structure previously
reported (CB[6]+2HCI-36H,0)"* were obtained. Another important
observation was that upon heating in an oven to 100 °C for 48 h these
crystals transformed into a polycrystalline powder whose powder X-ray
diffraction (PXRD) pattern (see Figure 10) corresponded to the channel
porous structure first determined by Kim et al.'* This method allows
large quantities of polycrystalline porous CB[6] to be produced very easily
(up to 17 g for the best batch) for gas sorption measurements and other
applications.

Purification of CB[8]. The solution remaining after the CB[6] crystals
were collected was evaporated, yielding a sticky-yellow solid. 88 mL of a
formic acid solution prepared with 90 mL of HCOOH (90%) and
110 mL of distilled water was added to this dark-yellow solid with
vigorous stirring. As the material was digested a white suspension
formed. Another 70 mL of the formic acid solution was added to help
dissolve the remaining yellow solid. The mixture was stirred for 1 h in
order to solubilize as much material as possible, and the suspension,
consisting of pure CB[8], was collected by suction filtration. Note that
CB([8] is still somewhat soluble in this mixture, and one should use as
little acid solution as possible. On the other hand, not adding enough
formic acid may result in partial purification with small amounts of
CB[6] present. This filtered material was found to have the same basic
structure (PXRD measurements) as the material obtained after recrys-
tallization: CB[8] can be quickly recrystallized reproducibly and very
easily from a concentrated hot aqueous 37% HCI solution to give
CBI[8]C. It was also possible to wait for the first crystals to appear at
around 80 °C before cooling to room temperature. We also found that
CB[8] could be dissolved in a large amount of hot water, and the
amorphous-looking material obtained after filtration and rapid removal
of the water under reduced pressure using a Rotavap was labeled
CBI[8]A. Finally, it was found that the CB[8] materials obtained by
these methods were isostructural (crystalline, space group I4,/a, Figure
S2, Supporting Information) with each CB[8] almost perpendicular to
one another (perhaps the most representative of the “general case”)'®
and not perfectly aligned as has been found for samples grown from
nitric acid.'” In fact, the self-penetration for CB[8] macrocycles seems so
powerful (in the absence of any competing interactions) that it can drive
the assembly of CB[8] host—guest complexes (in these cases the guest
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molecules do not protrude from the cavity) into isostructural single
crystals”™ or organic nanosheets'® in which self-closing is the essence of
the assembly. CB[8]C: '"HNMR 6 4.28 (d, 2H, ] = 15.2 Hz, CH,), 5.60
(s, 2H, CH), 5.89 (d, 2H, ] = 15.2 Hz, CH,).>* CB[8], 4 HC], 15.1 H,0
(single crystal XRD).

Purification of CB[6]. The filtrate obtained after removal of the CB[8]
suspension, containing CB[S], CB[6], and CB[7], was then evaporated
to dryness and redigested using water, in which CB[6] is very sparingly
soluble. 400 mL of distilled water was added before stirring overnight.
The new suspension was filtered using a glass frit covered by a small
filtration paper to prevent the CB[6] from clogging the pores of the frit.
The white powder must be washed several times with water in order to
purify it, but even after up to 12 washes with 75 mL of distilled water, the
powder still contained about 10% of CB[7] as assessed by "H NMR.
However, the use of ultrasound greatly helped in the purification
process:*® after the 400 mL solution had been filtered once, the white
powder was collected and placed in 2 250 mL Erlenmeyer flask together
with about 150 mL of distilled water. The flask was put in a heated
ultrasound bath (~$5 °C), and after 30 min a thick foam-like suspension
had formed. The suspension was then filtered under a vacuum, and this
step was repeated one more time resulting in a good purity CB[6]
sample, labeled as CB[6]A. We fortuitously discovered that CB[6] can
be recrystallized either (i) from a dilute sulphuric acid solution of CB[6]
(200 mL with about 4 g of CB[6] afforded ~0.4 g of CB[6]CC after 3
months) or (i) by allowing acetone to diffuse into a dilute aqueous
hydrochloric acid solution over a one month period (1 L flask with about
S g of CB[6] in 200 mL of dilute HCl gave 1.5 g of CB[6]C collected as
acid free fine white needles containing: CB[6], water, and acetone; see
structure 2 below).”’ CB[6]CC: '"H NMR 0 4.31 (d, 2H, J = 15.6 Hz,
CH,), 5.59 (s, 2H, CH), 5.83 (d, 2H, ] = 15.6 Hz, CH,).>* CB[6], 4.66
H,O (single crystal XRD).

Purification of CB[7]. The filtrate resulting from the purification of
CB[6] now contained CB[S] and CB[7], which were separated as
follows. The solution was reduced to 100 mL volume under reduced
pressure followed by the addition of ~750 mL of methanol and stirring
overnight. After the stirring was stopped, a precipitate of CB[7] slowly
deposited at the bottom of the flask, which was then filtered on paper
and washed several times with ~20 mL of methanol. The product was
then put in an oven at 70 °C for 1 day to remove the methanol. This
procedure generally produced pure CB[7] as an amorphous white
material that has a tendency (if not dried right after the filtration and
washing steps) to adsorb water, giving a very viscous yellow liquid. If
CB[6] was still present, CB[7] was dissolved again in distilled water,
put in an ultrasound bath, and refiltered to remove the CB[6] and get
the pure product (CB[7]A). The pH was also observed to increase as a
function of the washing steps (with ultrasound) presumably as a result
of the gradual removal of acid (i.e., HCl involved in earlier steps).2® All
attempts to recrystallize the CB[7] were unsuccessful. Indeed, there
are only a very few known crystal structures of CB[7].2%*? This
difficulty in obtaining crystalline forms may be due to CB[7]’s
tendency to structure itself in aqueous acid solutions and thus form
supramolecular gels.”> CB[7]A: "H NMR 0 4.30 (d, 2H, J = 15.6 Hz,
CH,), 5.60 (s, 2H, CH), 5.86 (d, 2H, J = 15.6 Hz, CH,).> CB[7], 3.2
HC]J, 5.6 H,O (elemental analysis).

Purification of CB[5]. The filtrate resulting from the CB[7] isolation
was put on a rotavap until 100 mL of the methanol was left. To this was
added 800 mL of acetone. This was allowed to stir for several hours
before filtration on filter paper and collection of a white crystalline
powder. We then recrystallized the product using aqueous HCl solutions
(9 mL of 37% HCI for 3 g of crude CB[S]). This purification was
particularly successful and reproducible in the cases where CB[S] was
the major species. The solution was heated to dissolve the CB and
allowed to cool down and evaporate in order to form crystals, CB[S]C.
The same procedure as for CB[8]A was used to try to prepare

amorphous samples of CB[S], that is, dissolution in water followed by
quick solvent removal under reduced pressure and vigorous stirring to
produce CB[5]A. CB[5]C: "H NMR 0 4.43 (d, 2H, ] = 15.6 Hz, CH,),
5.65 (s, 2H, CH), 5.81 (d, 2H, J = 15.6 Hz, CH,).>* CB[5], 3.75 HC],
10.88 H,O (single crystal XRD).

It should be stressed that the composition and purity of the materials
obtained are sensitive to the experimental conditions (temperature, time
of reaction, acid concentration), and in this regard we relied very much
on 'H solution NMR to follow the progress at each purification step. In
summary: (a) In most cases we isolated up to several grams of crystals of
each CB[n] using concentrated HCI or H,SO, solutions, which, with the
exception of CB[7], seem to produce CB[n] crystals of assignable
structure and composition quite reliably (samples CB[S]C, CB[6]C,
CB[6]CC, and CB[8]C). (b) Since CB[7] was always obtained as an
amorphous powder, we also tried to produce amorphous materials of the
other CB[n] both for comparison with CB[7]A, and with the crystalline
forms (samples CB[S]A, CB[6]A, CB[7]A, and CB[8]A).

Single Crystal X-ray Crystallography. Single crystal X-ray
diffraction data were measured on a Bruker Apex 2 Kappa diffractometer
at 100 K, using graphite monochromatized Mo Ka radiation (1 =
0.71073 A). The unit cell was determined from randomly selected
reflections obtained using the Bruker Apex2 automatic search, center,
index, and least-squares routines. Integration was carried out using the
program SAINT, and an absorption correction was performed using
SADABS.>® The crystal structures were solved by direct methods, and
the structure was refined by full-matrix least-squares routines using the
SHELXTL program suite.”* All atoms were refined anisotropically.
Hydrogen atoms on cucurbituril molecules were placed in calculated
positions and allowed to ride on the parent atoms.

Liquid State NMR. All the solution NMR spectra were recorded
using a Bruker DRX-400 spectrometer, operating at 400.13 MHz for 'H
and 100.62 MHz for *C. 2D spectra were recorded using an inverse-
detected gradient probe. '*C Spectra were recorded using a directed-
detected broadband probe. Standard Bruker pulse sequences were used
for all experiments. Some proton and carbon spectra were recorded on a
Bruker AV-III 400 spectrometer operating at 400.13 MHz for 'H and
100.62 MHz for "*C using a Bruker BBFO probe. All spectra were
recorded in the following solvent mixture: D,O/CF;CO,D/D,SO,
(1/1/0.15) and referenced to the methine protons of the CBs.>¢

900 MHz CP-MAS "C NMR Spectroscopy. Solid state cross-
polarization magic angle spinning (CP-MAS) "*C NMR spectra were
obtained at 226.36 MHz (21.1 T, 900 MHz for 'H) on the Bruker
Avance II 900 spectrometer of the National Ultrahigh Field NMR
Facility for Solids (Ottawa, Canada), using double resonance Bruker
4 mm and 3.2 mm MAS probes spinning at 6 and 14 kHz, respectively. A
cross-polarization time of 4 ms was used with recycle times of 4—8 s.
Chemical shifts were referenced to TMS using adamantane as secondary
reference.

Thermogravimetric Analysis (TGA). TGA results were acquired
on a TA 2050 analyzer under nitrogen flows of 40 and 20 mL-min~ .
TGA curves were first measured with a heating ramp of $ °C min ™' from
room temperature to 500 °C.

Powder X-ray Diffraction. Diffractograms were recorded on a
Bruker D8 Advance diffractometer using Cu Ko radiation at 4 = 1.54053 A.
Reflections were collected from 5 to 60° in 2-theta with steps of 0.03°
and a step time of 189 ms at 17 °C.

Scanning Electron Microscopy. Micron scale images were
acquired on a Hitachi S-4800 cold field emission scanning electron
microscope (SEM), fitted with two secondary detectors. Images were
acquired using a mixed image of the two signals at a working distance of
8 mm, at a beam energy of 2 keV and a current of S #A. The dry samples
were deposited onto aluminum stubs on adhesive carbon tapes, and
regions of interest were imaged at several magnifications to show the
grain size and micromorphology.
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Table 1. Summary of Single Crystal X-ray Diffraction Results

crystal structure 1 3 4
trivial name CB[5]C CB[6]C CB[6]CC CB[8]C
composition CB[5], 3.75 HC, 10.88 H,0 CB[6], 1 acetone, 8 H,O CB[6], 4.66 H,0 CB[8], 4 HC], 15.1 H,0
T/°C —100 —173 —173 —173

crystal system orthorhombic orthorhombic trigonal tetragonal
space group Pbam Cmc2, R3 I4,/a

a A 28.709(1) 19.574(1) 32.036(9) 28.108(4)

b A 17.337(1) 15.805(1) 32.036(9) 28.108(4)

¢ A 19.464(1) 15.840(9) 12.417(7) 21.896(7)
a,° 90 90 90 )

B° 90 90 90 90

Y, ° 90 90 120 90

Vv, A3 9687.6(3) 4900.4(5) 11036.7(8) 17299.2(7)
Z 8 4 9 8

final R, 0.085 0.066 0.130 0.127
peak/hole, e A’ +227/-2.43 +0.71/-0.39 +1.52/-0.52 +1.38/-0.49

B RESULTS AND DISCUSSION

As a consequence of our preliminary findings, we focused our
attention on aqueous HCI prepared cucurbituril materials (with
the exception of CB[6]CC). Our objective was to prepare a
sufficiently broad and representative panel of CB based materials
to study (i) their crystalline state, (ii) their aggregation behavior,
(iii) structural changes under thermal treatment (whose purpose
was to evacuate remaining solvent to get pure materials), and (iv)
the uptake of water by the desolvated materials.

Single Crystal X-ray Diffraction. The tendency of cucurbi-
turils to self-penetrate by means of weak CH- - - O interactions
between the outer ring protons of one CB (methene and
methine protons) and the ureido carbonyl oxygens of a
neighbor in a perpendicular fashion has been noted
previously."**>** A fully self-included complex would be phy-
sically impossible due to the rigid and constricted glycoluril
core. This occurs via CH: - - O close contacts that are usually
expected to be only weakly involved in the overall framework
stability. Indeed, when other forces are active in solution during
the crystal growth, for instance, when cations are present and
hence ion-dipole interactions are possible, the carbonyl rims
are observed to coordinate the cations thereby precluding any
significant CH- - -O interactions.”® Nevertheless, CH- - -O
hydrogen bonds can be very powerful, especially in the case of
cucurbiturils, where their numbers per macrocycle can be
sufficient to ensure the crystal an impressive thermal
stability.'"* Hydrochloride hydrate crystals were obtained for
CB[S] and CB[8] (structures 1 and 4), whereas acetone
hydrate and pure hydrate crystals were isolated for CB[6]
(structures 2 and 3, respectively). The main structural data are
summarized in Table 1.

The use of salt free aqueous acid solutions to purify the
cucurbiturils by recrystallization avoided closure of the CB cavity
by coordinated cations (which can also be a strong drawback for
recognition studies).

Structure 1, CB[S]C, shown in Figure 1, crystallized in the
Pbam space group and displays a quasi-symmetrical cavity which
contains a chloride anion and is capped with two water molecules
(Figure la). There are two CB[S]@Cl™ complexes in the
asymmetric unit, and the chloride anions are not positioned
exactly at the center of the cavity. At first sight, it seems odd that

the cavity of CB[S], that is supposed to be hydrophobic, has an
anion inside. However, close inspection reveals that the anion is
always closer to ureido carbons (mean distances 3.58 and 3.93 A
for the first CB[S] in the asymmetric unit, 3.71 and 3.80 A for the
second) than to the nitrogens (3.86 and 4.05 A for the first CB[S]
and 3.92 and 3.97 A for the second). In fact, the CB[5] scaffold is
constructed such that it forms an electropositive microenviron-
ment due to 10 slightly electropositive carbons in the cavity (the
ureido carbons are all connected to three electron-withdrawing
atoms, one oxygen and two nitrogens). The hydrogen atoms
involved in the water network of hydrogen bonds (vide infra)
were also located. Interestingly, there are close contacts between
bridging methylene hydrogens and C=0 oxygens on neighboring
CB[5] units (two H- - - O distances of 2.79 and two of 2.46 A)
arranged in 1D zigzag chains running in opposite directions along
axis b and closing the CB[S] cavities on one side (Figure 1b). We
found two kinds of CB[S] planes in which the opposite 1D chains
are of a different symmetry; see Figure 1c where in the yellow
colored CB[S] planes, the chains stack in register along dimension
a, whereas in the blue colored CB[S] planes there is an offset of
~4 A along axis b. The two different planes stack alternately along
the c-axis, defining constricted channels (green circle of Figure 1b
running along axis c¢) that are connected to the perpendicular
zigzag channels in the ab planes (space between the CB chains)
where water, chloride ions, and acid protons form a dense
hydrogen bonded network, which also interacts with the CBs by
additional hydrogen bonds. This structure is different from the one
reported in 2000 (synthesis of CB[6] homologues™ showing a
dense packing of CB[S]). The present CB[S]C structure also
exhibits channels different from those reported by us'® and
others®” for crystals grown under similar conditions.

Single crystals of CB[6] of suitable quality for X-ray studies
were first obtained as a water and acetone solvate and are
interesting because of the absence of any metal cations and
any anions, which are often used to obtain single crystals of
cucurbiturils.”**?° Structure 2, CB[6]C, shown in Figure 2, was
solved in the Cmc2, space group and shows a composition of one
CB[6] for one acetone and eight water molecules. Another
crystal structure free of any salt and acid for CB[6] has been
reported recently”® (water and diethyl ether solvate). The two
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Figure 1. Structure 1, CB[S]C. (a) The CB[S] cavity contains a chloride anion and is capped with two water molecules. (b) The CB[S] are engaged in
multiple inter CB[S] CH: - - O interactions principally forming 1D zigzag chains running in opposite directions along axis b. The water and chloride
zigzag chains of the [110] planes are connected by the small channels along ¢ (green circle) via a dense network of H bonds (not shown for clarity). (c)
The CB([S] zigzag chains, separated by water and chloride anions, form alternate layers in the [ 110] planes. They stack along crystallographic axis ¢ so that
the CB chains face each other in a non-interacting manner (successive yellow and blue colored CB planes, see the overlay depictinga 2 X 2 X 1 array of
unit cells). In the bottom right-hand corner of (c) a slice of the bc plane perpendicular to the a-axis illustrates the space accessible to a sphere of diameter
1.0 A running in the network defined by the CB[S] arrangement (i.e., where the water and chloride would be located). In this view from above, dark pink
shows the outside surface of the void spaces which are completely inside the box, whereas light pink shows the inside surface of those void spaces which
are sliced by the top face of the box. For clarity, the guest and solvent are not shown in (b) and (c).

Figure 2. Structure 2, CB[6]C. (a) Disordered acetone is included inside CB[6]. (b) CB[6] are disposed perpendicular to one another so that the
macrocycle cavity is partially closed on one side only. The other side of each macrocycle is hydrogen bonded with water clusters (green circle) forming
1D zigzag chains alternating with CB[6] chains within the [011] planes in a manner reminiscent of superimposed stairs. (c) Expansion of this recognition
motif clearly shows the half self-closure of the cavities for CB[6] that are arranged in alternate layers with an offset of the [011] planes of ~8.4 A along
direction b. The three-dimensional packing illustrates the successive layers (blue and yellow) along the a-axis for the construction ofa 1 X 2 X 2 array of
unit cells. Corrugated 1D tubes (¢, bottom right) depicting the space available for water, complementary to the CB[6] network. In this view from above,
dark pink shows the outside surface of the void spaces which are completely inside the box, whereas light pink shows the inside surface of those void
spaces which are sliced by the top face of the box. The guests are omitted for clarity in (b) and (c).

crystals are isostructural and differ only in the guests included in
the CB[6] cavity and their slightly different unit cell parameters.

The acetone molecule is found to be entirely included inside
each CB[6] unit, disordered over two positions inside the
distorted cavity (O---O distances between oppositely posi-
tioned oxygen atoms of one rim are in the 6.73—7.33 A range)

and does not participate in additional interactions in the crystal
(Figure 2a). However, we note a very strong CH,c)* * * C(ca[6])
contact between an acetone hydrogen and a ureido carbon of
CB[6] with a distance of 2.42 A (well below the sum of van der
Waals radii of 2.90 A) and an H- - -C=0 angle of 95.5°. The
acetone hydrogen is thus positioned almost perpendicular to the

5602 dx.doi.org/10.1021/cg201173j |Cryst. Growth Des. 2011, 11, 5598-5614



Crystal Growth & Design

Figure 3. Structure 3, CB[6]CC. (a) Inclusion of ordered water in CB[6]. (b) The CBs are now completely self-closed by their nearest neighbors by
means of multiple CH- - - O interactions (see the four macrocycles highlighted in yellow) and form a honeycomb-like hexagonal framework with water
filled channels (green circle). (c) The three-dimensional packing, illustrating the successive layers (I, II, III) along the c-axis for the construction of a
2 X 2 X 1 array of unit cells, and the structure of the vertical channels aligned with the c-axis (viewed from above, dark pink shows the outside surface of
the void spaces which are completely inside the box, whereas light pink shows the inside surface of those void spaces which are sliced by the top face of the

box). The guests were removed for clarity in (b) and (c).

carbonyl carbon atom that is quite reminiscent of the possible
role of these carbons in stabilizing the chloride anions in the
CB[5] cavities of structure 1. The CB[6] macrocycles of
structure 2 are found to be engaged in CH---O hydrogen
bonds principally via the outside ring hydrogen atoms: the
carbonyl oxygens on one rim are found to interact strongly with
water, while three oxygens of the other rim interact with CHs
from another CB[6] disposed perpendicularly. Thus, the two
cucurbituril rims are not symmetry related when considering the
surrounding molecules (see the alternating zigzag chains of water
and CBs in Figure 2b). The [011] planes composed of the
alternate chains of water and CB[6]@acetone are not packed in
register, Figure 2¢, but there is an offset of approximately 8.4 A
along direction b.*

We later found that, similar to Kim’s CB[6] structure, which
has thermally stable channels,"* sulphuric acid can be used with
water to crystallize CB[6] in an identical way. Indeed, CB[6] was
found to crystallize slowly in the R3 space group showing the
same water channels (Figure 3) from a mixture of CB[S], CB[6],
and CB[7] and a water/H,SO, mixture (250/30 mL). Structure
3, CB[6]CC, shown in Figure 3, has six ordered water molecules
included inside CB[6] and two among these six molecules
hydrogen bond to each rim of the cucurbituril (Figure 3a).

These two molecules belong to the plane defined by the ureido
carbonyl oxygens of each rim and hydrogen bond to two of the
carbonyl oxygens leaving the four remaining carbonyls free for
the self-closing motif to take place. Interestingly, all the oxygen
atoms of the water molecules point inward in the cavities
meaning that they direct their hydrogens toward the macrocycles
walls. Two of them form modestly close contacts with ureido
nitrogens (O—H- - *N: 2.66 A, 172.4°) and the remaining two
form stronger interactions with carbonyl carbons (O—H- - - C:
2.44 A,172.6°). The CB[6] are arranged in such a way as to effect
self-closing of their cavities (Figure 3b) but without intermediate
water, in contrast with structure 2 (the cavity self-closing seems
here the highest possible with each rim directly surrounded by
one neighboring macrocycle). The degree of multiple weak
CH- - - O interactions engaged between each cucurbituril might
reach alevel sufficient to account for the surprising stability of the
entire supramolecular framework (see Powder X-ray Diffraction
(PXRD) section and Figures 6 and 7)."* Consider for example
the four highlighted CB[6] in yellow (Figure 3b); two of them

(back and front) give hydrogen bonds toward the CB[6] in the
middle, whereas the two others receive C—H contributions from
the central one. Each cucurbituril participates in two cyclic
hexamers. Indeed, Figure 3c shows (section II) four hexamers
resembling six-pointed stars composed of three yellow and three
blue CBs (as part of a2 X 2 X 1 array of unit cells). But when we
add a new CB layer on top of it (the red ones), we see that all
yellow colored CBs are part of a new hexamer. This particular
arrangement gives rise to channels with 6-fold symmetry, with
hydrophobic surfaces defined by the methene and methine
protons of CB[6] (Figure 3¢, bottom right). The channel space
is then filled with water molecules.

CB([7] proved to be very difficult to crystallize. Indeed, very
few crystals with CB[7] are known, including the structure
reported by Kim et al.,”* which again shows self-closure of the
cucurbituril cavities, and the first-reported CB[7] structure
which is self-penetrated to a lesser extent.*

CB([8] crystals were obtained easily from hot or cold 37%
aqueous HCl solutions. Structure 4, CB[8]C, shown in Figure 4,
was found to belong to the 14, /a space group with a composition
of one CB[8] for 4 HCl and 15 water molecules.

This structure is therefore isostructural with the original one
reported by Kim in 2000°° except that two sulphates have been
replaced by four chloride anions and the water content is
slightly different. The CB[8] cavity is entirely filled with
disordered water molecules, the chloride anions being located
outside (Figure 4a). As for structure 3, we note the presence of
three moderately close contacts (H- - -C=0;: 2.66 A, 65.1°;
H---C=0,: 2.59 A, 94.7°; H- - - C=05: 2.53 A, 51.4°) and
one with the atoms positioned much closer (H-:-C=0y,:
2.36 A, 82.6°). Despite a slightly higher R factor than the one
reported before, we found all hydrogens in structure 4 allowing
a precise description of the role of H-bonds in this structure.
Again the CH- - - O close contacts are found to play a critical
role with 9 inter-cucurbituril H bonds per carbonyl rim spread
among 3—S carbonyl oxygens, whereas the others are stabilized
by classical water mediated H-bonds. Each cavity is once again
partially self-closed (Figure 4b) in a motif reminiscent of that
found in all other aqueous acid grown crystals (structures 1, 2,
and 3). Finally, the CB[8] stack (Figure 4c) so that they form
a 3D connected network of channels (Figure 4d) in which
water and chlorine are found to interact with the macrocycles.
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Figure 4. Structure 4, CB[8]C. (a) Inclusion of disordered water in CB[8]. (b) As for structure 3, we clearly see the importance of CH- - -O
interactions by a similar self-closing of each macrocycle (green circles in b) by two closest neighbors (see the four highlighted CB[8] in yellow, two of
which give hydrogen bonds whereas the two others receive contributions from the central one). (c) The three-dimensional packing, illustrates the
successive layers (I, II, I11, IV) along the b-axis for the construction of a2 X 1 X 2 array of unit cells. (d) The structure of the 3D connected network of
channels, depicting the space available for water and chlorine, featuring a 2 X 2 X 2 array of unit cells. In this view from above, dark pink shows the
outside surface of the void spaces which are completely inside the box, whereas light pink shows the inside surface of those void spaces which are sliced by
the top face of the box. The guests are omitted for clarity in (b), (c), and (d).
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Figure S. Highlight of the self-closing motif found in all cucurbituril crystals in which the CBs are not engaged in other competitive interactions such as
ion complexation: (a) CB[5] in structure 1; (b) CB[6] in structure 2; (c) CB[6] in structure 3; (d) CB[7] from the literature;>* (¢) CB[8] in structure
4.3 All cucurbiturils have most of their hydrogens which behave as donors engaged in multiple weak CH- - - O interactions with neighboring
macrocycles and their carbonyl oxygens as acceptors toward surrounding CB methene and methine protons {water, HCl, H,SO,, and acetone have been
omitted for clarity except in (b) and CB—CB CH- - - O hydrogen bonds highlighted in the immediate surroundings of the central cucurbituril}.
Hirshfeld surfaces (dpom) are also displayed as side and top views accounting for all intermolecular interactions regarding the central molecule. The
corresponding fingerprint plots (bottom line) are also shown, to further support this self-assembling motif and separate the OH - - - O from the CH- - - O
contributions. Insets show the Hirshfeld surface of the opposite side of the CBs except in (c) for which the surface is identical. The red, white, and blue
areas account for inner surface atoms being at a distance respectively shorter, approximately equal, and longer than the sum of van der Waals radii when
considering the corresponding nearest atoms of the surrounding molecules. The blue spikes on the CB[6] surfaces (c, pink dots) are from the absence of
molecules in this area as a consequence of not assignable electron densities.

Thus, the cucurbituril skeletons appear to be highly rigid and
predisposed to establish specific intermolecular interactions.
Indeed, it seems that the self-assembling information is stored
within the structure’> """ as the CB geometry, rigidity, and
symmetry and accordingly adequate angles and bonds mean that it
is almost inevitable that methene and methine protons will engage in

multiple weak H bonds with carbonyl oxygens. To get an overview of
all intermolecular interactions surrounding the cucurbiturils in the
crystals, we used the Hirshfeld surface analysis introduced by
Spackman and co-workers®> mapped with parameter dyom, > using
the software CrystalExplorer”* for all crystals of the present study, and
the one reported by Kim for CB[7] in 2007> (Figure 5).
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Figure 6. Plot of the occurrence and strength of C—H- - -O and C—H- - - Cl™ interactions in crystal structures of (a) CB[S] in structure 1 (circles),
(b) CB[6] in structure 2 (diamonds), (c) CB[6] in structure 3 (shadowed diamonds), (d) CB[7] from the literature*” (triangles), (e) CB[8] in structure
4 (squares), and (f) an overview of the CB—CB C—H- - - O interactions per unit cell as a function of the macrocycles averaged to an identical number of
CBs per cell. Each hit accounts for intermolecular distances below 3.0 A and angles above 100° for C—H - - - X interactions involving all cucurbiturils in

the unit cell of the crystals considered.

The aim of this approach was to provide a picture of all close
contacts and to decipher each possible contribution thereby
enabling one to view the molecule as a whole in the context of its
intermolecular interactions.*® This method of imaging and
quantifying the extent of each contribution was motivated by
getting insights into the self-assembling features of cucurbiturils
in the solid state where competitive forces are also present (i.e.,
water and acid molecules solvating the macrocycles and hamper-
ing self-closing of the cavities). However, as powerful as this
approach can be, the crystal structure under study needs to be
well-characterized, as emphasized by Spackman et al.>* Cucurbi-
turil crystal structures are generally difficult to solve and espe-
cially to refine as they often contain many water molecules and
show extensive disordering, which constitute severe drawbacks,
rendering their crystal structure determination quite challenging.
Given these concerns, we worked on the precise identification of
the solvent molecules and cocrystallized guests and modeled
their disorder.”

The most remarkable feature of CB[n] assemblies, which
appears to be general in the solid state, is the cross organization
(Figure S top line) which maximizes the interactions between the
external methene/methine protons of one CB with the carbonyl
crown oxygens of another CB (Figure S second and third lines).
This behavior is unusual considering the strength of OH- - -O
hydrogen bonds (expected to be ubiquitous in our case) with
respect to significantly weaker CH: + - O interactions. Indeed,
one might expect the carbonyl oxygens to be preferentially
engaged in OH- - - O hydrogen bonds as all the crystals contain
water and some of them HCI or H,SO,, thus precluding the
formation of the self-recognition motif. On the contrary, the weak
CH- - - O interactions seem to be driving the crystal assemblies
of all cucurbiturils so as to maximize their numbers and their
cumulative strength, presumably as a consequence of the very
rigid and preorganized geometry of the macrocycles that have a
high content of directional bonds. This is consistent with the idea
of self-association of growing oligomers during the synthesis of

5605

cucurbiturils® as suggested by Isaacs and co-workers and is
also quite reminiscent of the concept of multivalency®™?®
(several carbonyl oxygens can host multiple H bonds per
cucurbituril rim). This proves to be rather decisive when the
Hirshfeld surfaces are considered, whose red dots point to a
high number of interactions per cucurbituril, especially for
CB[6] (Figure Sb,c) and CB[8] (Figure Se and see also
Figure S top line for comparison). Indeed, we found that
CB[5] (Figure Sa) and CB[7] (Figure Sd) are significantly
less associated with their nearest neighbors as compared with
CB[6] and CB[8] that form a dense network of interactions
with surrounding molecules. However, OH:* - - O hydrogen
bonds certainly play a crucial role in stabilizing the overall
framework as pictured in Figure 5 (bottom line) in the
fingerprint plot analyses® (see also insets of Figure Sa,b in
which intense red dots denote stronger OH:--O inter-
actions). These interactions compare favorably to CH- - - O
interactions. Nevertheless, the fraction of the CH- - - O close
contacts is sufficient for the cross scaffold to be present in all
the structures studied (except that of CB[S], Figure Sa). Also
note the high fraction of CH- -+ O interactions for CB[7]
(Figure Sd bottom, 50.1%) with respect to the amount of
OH- - - X interactions (only 5.9% of the overall amount of
intermolecular interactions). This can be ascribed to the high
content of sulfate anions whose oxygens are highly hydrogen
bonded by virtue of the CB outside protons. Also, the extent
of OH- - - X interactions might be underestimated owing to
the absence of hydrogens (presumably not located) in the
solvent molecules of the CB[7] crystal structure, thus result-
ing in a strong deviation from the actual values.’” The great
merit of Hirshfeld surfaces (and also of the properties that can
be mapped on them) is that they give a clear depiction of
intermolecular interactions acting in the space surrounding
the cucurbiturils, in inherently complex solvate molecular
crystals. However, in order to better understand the occur-
rence of the cross arrangement of the macrocycles, we focused
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stability for the intercucurbituril network in the crystal structures.

on CH--+O and CH- - -Cl  interactions and assessed their
number as well as their strength by a careful examination of
the crystal structures (Figure 6).

We also separated the CB(CH)—water(OH,) contributions
(as pictured in sky blue) from the CB(CH)—CB(O=C) inter-
actions (as pictured in red). CB—water interactions account for
the vast majority of hits appearing in the weak bonds section.
CB(CH)—Cl™ (CB[5] and CB[8]) and CB(CH)—O" (CB[7])
interactions are displayed in light blue and play an important role
for the CB[S] and CB[7] crystals (Figure 6, panels a and d,
respectively). In this representation, we chose to highlight
CH:---X  (X=Cl or O) interactions of the hydrogen bond type
(directional interaction, the CH-+-X  angle should roughly
range between 130 and 180° for a distance below 3.0 A) and
ignore the weaker CH---X~ ion—dipole interactions
(CH---X " angle near 90°).*° For CB[5] and CB[7], it seems
that the possible CB—CB interactions are diluted within the
solvent and acid molecules, precluding the formation of an
intense network of cucurbiturils maintained by CB—CB inter-
actions (this can also be related to the greater solubility of these

two CBs in water). This can also explain the relative thermal
fragility of the crystals (see PXRD section below). However, one
should consider the interactions appearing at a distance below
the sum of van der Waals radii, that is, for an H- - - Cl distance <
2.95Aandan H- - - O distance <2.72 A.*' In this regard, CB[S]
and CB[7] are the cucurbiturils that show the highest number of
strong CH--+X  interactions (the oblique line in Figure 6
should be slightly shifted to higher intermolecular distances for
CH:--Cl interactions) that may explain the “glue” behavior
already regorted for CB[7] gels formed in acidic aqueous
solutions.”” As suggested by Hay and co-workers, the presence
of two electron-withdrawing atoms (each carbon is connected to
two nitrogen atoms throughout the rings) increases the acidic
character of the C—H protons thus strengthening the corre-
sponding H bonds.**** Protonation of carbonyl groups at very
low pH has also been reported to induce CB[6] and CB[7]
aggregation, an additional feature to explain the “glue” behavior.'®”
Conversely, the two CB[6] crystals show a relatively low number
of “competitive” interactions (in the sense of loosening the
overall CB—CB framework), especially in the case of structure

5606 dx.doi.org/10.1021/cg201173j |Cryst. Growth Des. 2011, 11, 5598-5614



Crystal Growth & Design

3 (Figure 6¢) for which the vast majority of hits (considering
their total number; see Figure 6f) comes from CB—CB interac-
tions. Also note the occurrence of three particularly strong bonds
(intermolecular distance below 2.3 A). These unique features
may account for the exceptional stability of this crystal structure
(as for the cucurbituril framework) maintained by CH- - -0
interactions (see PXRD section and ref 14). CB[6] structure 2
shows a more significant contact with water molecules for the
cucurbiturils as evidenced by the higher number of competitive
H bonds in the overall diagram (also highlighted in the strong
bonds section; see also Figures 2b and Sb). CB[8] (Figure 6e)
represents an intermediate case (between the situations encoun-
tered for CB[S], CB[7], and CB[6]) for which a significant
number of CB—CB interactions are positioned in the center
(moderate bonds) region and competitive CB—water and
CB—CI" interactions in the weak bonds section (albeit to a
lesser extent as compared with the number of hits for CB[S] and
CB[7]). Finally, Figure 6f compares the CB—CB C—H:--O
interactions per unit cell as a function of the macrocycles,
normalized to the same number of cucurbiturils (big and small
dots are for high and low numbers of interactions respectively).
Again, the two CB[6] structures have the strongest and the
highest number of intercucurbituril interactions (CB[6] struc-
ture 3 is the one presenting the most robust self-closing network).
The corresponding interactions for CB[S] are spread in the weak
bonds section, whereas those of CB[7] are in the strong bonds
section, but this does not account for the huge number of
competitive interactions also found in this last case (see
Figure 6d the dashed green circle). These results may explain
why CB[S5] and CB[7] evolve to amorphous phases after drying
while CB[6] and CB[8] retain some degree of crystallinity and
also the surprising thermal stability of CB[6] structure 3 well
above 100 °C (see PXRD section).

To further assess the importance of intercucurbituril inter-
actions in the physical properties of the CBs, we calculated the
total number (Figure 7a) and number of strong (Figure 7b)
C—H---X interactions per cucurbituril. Examination of the
total number of interactions revealed the importance of solvation
and anion coordination by CB[7] with 25 CB—Cl~ and 26
CB—water interactions per CB for only 4 CB—CB interactions
that are generally weak as seen in Figure 7b (there are only a small
number of strong H bonds). In the case of CB[S], the highest
number of H bonds is from CB—water interactions followed by
the CB—CB (8/CB) and CB—CI~ (7/CB) interactions. But the
number of strong H bonds is again very limited (equal or below
1/CB). For CB[8], it is CB—CB interactions that dominate
either considering the total number of H bonds or the number of
strong H bonds. Finally, the intercucurbituril network seems to
be the strongest for CB[6] with a high total number and number
of strong C—H- - - O interactions for structures 2 and 3.

Thus, the observed relatively short values and high number of
CH- - - O hydrogen bridges** might well be a general property of
all cucurbituril crystals grown in aqueous acid conditions,
regardless of the macrocycle size (structures 1, 2, 3, and 4 plus
the CB[7] one).” It has also been shown that they can play a
critical role in molecular crystals containing glycoluril
derivatives.***> Moreover, Kim et al. pointed out the importance
of numerous CH- - +O hydrogen bonds in CB[7] condensed
phases with regard to its gelation behavior in acidified water.”
Therefore, the present work demonstrates the importance of
such interactions in the main representatives of the CB[n] family.
Consequently, they may be pivotal in the understanding of the

CBI5IC 1 } N ).
CBEIC2 }t » Jh !
CB[BICC 3 JA *

CB[7]A *

CBI8]C 4

2b0 150 160 éO
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Figure 8. CP/MAS 21.1 T "*C NMR spectra of CB[n] (n = 5—8)
materials corresponding to crystal structures 1 CB[S]C, 2 CB[6]C, 3
CB[6]CC, and 4 CB[8]C, and amorphous CB[7]A. * indicate spinning
side bands.

solid state structures and properties of cucurbiturils, for example,
in explaining the surprising thermal stability of structure 3, or
their tendency to absorb water from the air, presumably to
saturate the Lewis base carbonyl oxygens that are hydrogen bond
demanding (see the TGA section below). The importance of
CH:- - -O interactions might be correlated to the inherent
structure of the cucurbiturils and particularly the high nitrogen
atom content with a proportion of 4 nitrogens for 6 carbons
(general formula CsHN,O,, 22% of the total atom number)
possibly altering the partial charge distribution along the macro-
cycles. Such charge differences and peculiar nitrogen disposition
(each carbon is connected to two nitrogen atoms and is thus
probably electron withdrawing and therefore induces partial
positive charges on the hydrogens) may enhance hydrogen bond
interactions with electron rich species such as the lone pairs of
neighboring cucurbituril carbonyl oxygens in a manner encoun-
tered in all the crystal structures reported here. The consequence
is an increased acid character of the CB hydrogen atoms and an
improved basic feature of the carbonyl oxygens which reinforce
the Hbond schemes. Thus, in effect there may be some structure-
directing/-influencing information inherent to the CB molecule.

Solid State '3C NMR Spectroscopy. In order to further
support the solid state structures deduced by single crystal
X-ray crystallography, we carried out solid state CP-MAS "*C
NMR experiments at 21.1 T. Also, it was hoped that "*C solid
state NMR spectra would prove to be a useful tool for routine
characterization of CB[n] structures. Preliminary results ob-
tained at 7 T showed broad featureless lines due to residual
dipolar interactions with the quadrupolar "*N atoms*® (of which
there are two attached to each carbon). This problem is
completely eliminated at 21.1 T, resulting in spectra for the four
crystalline materials which display multiple sharp resonances
within three narrow regions for each of the chemically distinct
carbon types: (i) C=O functions between ~154—160 ppm,
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Figure 9. Powder X-ray diffractogramms of cucurbituril samples (a) CB[S]C, (b) CB[5]A, (c) CB[6]C, (d) CB[6]A, (e) CB[6]CC, (f) CB[7]A,
(g) CB[8]C, and (h) CB[8]A. Insets show the resulting powder patterns of the corresponding samples treated at 100 °C for 48 h with an identical 26

scale. @ = artifact from the sample holder.

(ii) C—H groups between ~67—75 ppm, and (iii) bridging CH,
groups between ~49—57 ppm.

In the solid state chemically equivalent C atoms may have
slightly different environments because of crystallographic
inequivalence and thus may have small differences in chemical
shift; that is, the resonance for each chemical type of carbon
may be split into as many lines as there are inequivalent
positions in the asymmetric unit of the crystal cell. As an
example, the spectrum of CB[6]C shows multiplets of 2:3:1
for CH,, 3:1:1:1 for CH, and 1:3:8 for C=0 consistent with six
pairs of equivalent carbons for CH,, six pairs of equivalent
carbons for CH, and four pairs of equivalent carbons plus four
unique carbons for C=O as determined from the crystal
structure. A more complete analysis of the lines and multi-
plicities will be presented elsewhere,*” but suffice to say that in
each case there is consistency between the NMR spectrum and
the crystal structure. In marked contrast the spectrum of the
amorphous CB[7]A material shows only broad featureless
resonances as would be expected for a distribution of environ-
ments. The two very sharp lines seen in the spectrum of
CB[6]C at 204.4 and 28.9 ppm confirm the presence of guest
acetone molecules in this material.

One final observation from the NMR results is that dipolar
dephasing®® spectra showed complete suppression of the CH
and CH, resonances, indicating that the CB[n] molecules are
essentially static at room temperature.

Powder X-ray Diffraction (PXRD). X-ray diffraction on pow-
dered samples was performed to determine the crystallinity of the
materials before and after the thermal treatment. The powder
patterns obtained for the four crystalline materials corresponding
to structures 1, 2, 3, and 4 (shown in Figure 9ace,g) were
consistent with the patterns computed from the single crystal
X-ray data as can be seen in Figure S1, Supporting Information.

CB[S]A shows a crystalline pattern superimposed on an
amorphous contribution (Figure 9b). The crystalline pattern has
enough similarity to that of CB[5]C, Figure 9a, to suggest possibly
the same basic structure, but there are obvious differences in line
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intensities. Perhaps because of the large amount of water used in
the preparation of CB[S]A, HCl has been removed or diluted and
the guest composition has been changed to mainly water.*’

Contrary to what has been observed previously for other
CB[5] crystals,"* a 48 h thermal treatment at 100 °C resulted in
complete loss of crystallinity for both samples, leading to very
similar amorphous powder patterns (Figure 9a,b insets).

Although we anticipated that CB[6]A collected after the
purification process might be amorphous, its PXRD pattern
(Figure 9d) shows clearly that it is crystalline and apart from
some intensity differences is very similar to the pattern of
CB[6]C (Figure 9c). So again, although the guest content of
the two materials must be different (CB[6]A mainly with water
and CB[6]C with water and acetone), their basic frameworks are
probably the same. Upon thermal treatment both materials
produce identical patterns corresponding to a new crystalline
phase (Figure 9c,d insets). In contrast, the PXRD pattern of
CB[6]CC is largely unaffected by the same thermal treatment
(Figure 9e and inset), indicating that although the guest water
may be lost the structure remains intact. This is in agreement
with Kim’s findings with respect to the similar structure deter-
mined for CB[6] with hydrochloride'* and confirms the remark-
able stability of this particular CB[6] framework.

The pattern for CB[7]A confirms the amorphous nature of
the as-produced material and its product after thermal treat-
ment (Figure 9f and inset) in accord with the SCXRD and
SSNMR results. The differences in intensity of the broad
features probably reflect different guest content. It is note-
worthy that the structures of the amorphous powder patterns in
Figure 9, panels a, b, and f are quite similar. This structure
perhaps reflects the fact that the individual CB molecules
constitute a very small ordered array of atoms which could give
rise to coherent scattering and thus give rather prominent but
broad peaks in the powder pattern.

CB[8]A (Figure 9h) shows a crystalline pattern essentially the
same as that of CB[8]C (Figure 9h),>® superimposed on a small
amount of amorphous material. Both materials transform to a
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new crystalline phase on thermal treatment (Figure 9g/h insets),
behavior reminiscent of the CB[6]C and CB[6]A cases.

As mentioned at the beginning, one of the common CB[6]-
based phases which can be obtained easily is the hexagonal CB[6]
P6/mmm structure containing water and HCL" which grows
directly in the reaction flask at room temperature, one or two
days after the initial reaction to produce CB[n]s is finished. In
this structure, the CB[6] molecules are found to stack on top of
each other into perfect columns. These crystals very readily lose
solvent, converting into the channel R3 structure of Kim et al.
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Figure 10. PXRD patterns showing the time evolution of the CB[6]
P6/mmm structure’” and its slow transformation to the R3 (channel)
structure. The process can be significantly accelerated by a suitable
thermal treatment.

(CB[6]CC)."* Evidence for this comes from PXRD where
samples exposed to air for different lengths of time show patterns
which are clearly mixtures of the P6/mmm and R3 structures
(Figure 10). Even after exposure to air at room temperature for
10 min, R3 is present to a small degree. Upon heating at 70 °C for
48 h, conversion to R3 is more or less complete and at 100 °C for
48 h matches the calculated pattern very well. This interpretation
is also supported by '*C CP/MAS NMR spectra see Figure S3,
Supporting Information.

Thermogravimetric Analyses (TGA). Thermogravimetric
analysis was used to evaluate the water and acid content of the
eight materials as prepared, black curves of Figure 11.

The observed ~34% weight loss of CB[S]C crystals upon
heating (Figure 11a) was in relatively good agreement with the
guest content of the single crystals found by X-ray crystal-
lography (10.88 water molecules and 3.75 HCI = 29%). It is
the same situation for all the other crystalline phases for which we
could derive the crystal structures (i.e., CB[6]C, CB[6]CC, and
CB[8]C). The first ~10% of weight loss of the CB[6]C sample
observed up to 50 °C can tentatively be assigned to the eight
water molecules of the crystals (12% based on the crystal
structure composition, Figure 11c). Between SO and 340 °C,
we note a small weight loss of 4% that may be due to acetone
being released from the CB[6] cavity (4.8% based on the crystal
structure composition) and just before the cucurbituril decom-
poses starting around 350 °C. Interestingly, we noted one more
step in the TGA trace of CB[6]CC compared to that reported
previously for the corresponding HCI hydrate (Figure 1le).
Therefore, it seems that this structure releases its guest content
stepwise with a first step corresponding to ~10% weight loss and a
second of approximate ~9% weight loss. This could be ascribed
to the successive release of the water molecules which are
channel-included (and presumably more easily expelled) and
inner cavity-included (presumably more difficult to release).
A substantial mass decrease of ~27% was observed for CB[8]C
up to 150 °C, probably corresponding to the 15.1 water
molecules and 4 HCI per CB and thus in quite good agreement
with the composition derived from the crystal structure (24%
weight of guest content). Agreement between TGA and single
crystal X-ray data was fairly good in all cases thereby confirming
the composition of the materials. Chemical decomposition of the
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Figure 11. TGA traces of cucurbituril powdered samples of (a) CB[5]C, (b) CB[5]A, (c) CB[6]C, (d) CB[6]A, (e) CB[6]CC, (f) CB[7]A,
(g) CB[8]C, and (h) CB[8]A. The red insets show the resulting TGA traces of the corresponding samples treated at 100 °C for 48 h and exposed to the
air for 1 h just prior to measurements. The scale on each axis covers the same range as that of the black trace.
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Figure 12. SEM pictures of cucurbituril powdered samples of (a) CB[5]C, (b) CB[5]A, (c) CB[6]C, (d) CB[6]A, (e) CB[6]CC, (f) CB[7]A,
(g) CB[8]C, and (h) CB[8]A at room temperature. Insets show representative images of the corresponding samples after treatment at 100 °C for 48 h.

cucurbiturils was observed above 370 °C except for CB[7]A
where decomposition began as low as 300 °C. It was also found
that dried samples rapidly regained weight when left in air,
presumably due to absorption of moisture. To characterize this
in a consistent fashion, we subjected each of the materials to
heating at 100 °C for a period of between one and two days (since
all the phases appeared to lose their guest content when reaching
100 °C), followed by air exposure for 1 h. TGA was then
immediately scanned from room temperature up to 500 °C
(TGA red traces as insets in Figure 11 for the corresponding
samples, everything with an identical tare). All the powders
gained weight after the period of air exposure and the red TGA
traces show rapid mass decrease up to ~100—120 °C. Even for
the smallest weight gain of approximately 4% weight, this could
mean that two water molecules per cucurbituril have been
complexed. Elemental analysis for a sample of CB[6]A after
the same treatment of drying and air exposure is consistent with
the TGA data (Figure 11d inset) provided some residual HCI
content is assumed: 1.8 HCl and 3 H,O molecules per CB
(calculated [found]: H 3.95 [4.03], C 38.72 [38.89], N 30.10
[29.99]) accounting for 2210.7% of the total mass (as compared
with 11% on the red trace). Similarly for CB[7]A, the elemental
analysis and a guest content of 3.2 HCl and 5.6 H,0 molecules
per CB (calculated [found]: H 4.12 [4.60], C 36.53 [36.25], N
28.40 [28.68]) are consistent with the TGA result (Figure 11f
inset) with a mass content for the guests of ~15.8% (to be
compared with 18% on the red trace). Residual HCI content is
also in accord with the low pH values recorded for dissolved or
suspended CB powders in water.”” The TGA plots show a very
slight negative slope in the 100—300 °C region that may be
attributed to release of remaining HCI. It therefore appears that
heating at 100 °C only expels water from the powders, and re-
exposure to air results in the CBs reabsorbing some water to the
level shown in Figure 11 (red traces). This strong tendency to
reabsorb water from the atmosphere after drying must be kept in
mind when considering CBs for such applications as gas
adsorption.'*>!

Scanning Electron Microscopy. SEM was performed to
investigate the sample micromorphology before and after thermal
treatment (Figure 12). CB[S]C did not show any distinct crystals,
but crystallinity is evident from the straight lines and layering that
can be seen in most of the pictures (Figure 12a). CB[S]A was
clearly amorphous on this scale (Figure 12b) with no clear evidence
of the crystalline fraction indicated by the PXRD (see Figure 9b).

Conversely, CB[6]C clearly shows sizable crystals (Figure 12¢)
that can survive the heating treatment (numerous cracks can be

seen in this case), in line with PXRD (Figure 9c). CB[6]A
prepared using ultrasound (Figure 12d) shows mainly a fine
texture without any regular shapes with a few much smaller slab-
like crystals, consistent with PXRD. This is remarkable considering
the harsh ultrasound treatment and further proves the strong
tendency of CB[6] to self-assemble and ultimately crystallize
according to structure 2 (see Figure 2).5* CB[6]CC exhibited
some crystalline morphologies with flat sharp surfaces
(Figure 12e) also in agreement with PXRD. While some cracks
were also clearly visible after the applied thermal treatment (inset)
the crystals survived. CB[7]A (Figure 12f) does not show any
facets or layering that would indicate any crystallinity, and the
topography is reminiscent of the microstructure of the kind of
assemblies found for bad gelators53 (long entangled ribbons have
been observed in CB[7] gels derived from hot acidic aqueous
solutions).** This reflects again the tendency of CB[7] to self-
assemble but in a manner more favorable to the formation of gels
than for crystal growth as often mentioned in the literature for this
type of behavior (good gelators rarely crystallize).>>>* In this case,
PXRD is complementary to SEM in identifying the structure as
amorphous (see powder pattern of Figure 9f). CB[8]C shows
flattened octahedral microcrystals, similar to larger crystals ob-
served visually (Figure 12g), whereas CB[8]A showed the same
octahedral crystals together with irregular shapes (Figure 12h).
Elongated prism-like crystals with rounded edges were observed
after applying the thermal treatment (inset Figure 12h). Thus,
SEM pictures generally correlate well at the micrometer scale with
the PXRD results.

Bl CONCLUSION

The combination of solid state techniques (SCXRD, SSNMR,
PXRD, TGA, and SEM) has provided a unique set of self-
consistent information for the structural assessment of CB[n]
materials. Collectively, the results of this solid state approach
allow for a better understanding of physical properties such as the
solubility, crystallinity, and thermal stability for samples which
are quite representative of the types one can obtain after
purification. Of particular interest is the ability of the cucurbitur-
ils to organize themselves in the solid state in such a way that one
CB closes off one side of the cavity of another CB (partially self-
closing) in a motif reminiscent of a cross. Indeed, in the absence of
stronger competing interactions (ion—dipole for example via
metal coordination such as Na, K, Rb, Cs, ...)55 the CBs tend to
self-associate forming 1D chains (CB[$] structure 1 and CB[6]
structure 2, which are half self-closed) and three-dimensional
networks (CB[6] structure 3 and CB[8] structure 4 which are
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fully self-closed) according to this cross motif. We were able to
shed some light on the delicate balance of the weak interactions
in cucurbituril crystals and propose that the multiplicity of
cucurbituril CH- - - O interactions is the essence of their stability
(or at least is the structure directing factor), which might also
explain why CBs tend to aggregate in water.'”'" All the CB[]
materials investigated here transform to another phase upon
heating except for CB[6]CC, which retains its original channel
structure, and CB[7]A, which is always amorphous. It is likely
that when water is released by the thermal treatment, this allows a
better closure or self-penetration of the cavities, thus restricting
empty space in a more dense phase and maximizing the number
of stabilizing CH- -+ + O interactions on a per CB basis. It was
established that CB[S] and CB[7] based powders are amorphous
after drying, whereas CB[6] and CB[8] related powders are still
crystalline. We propose that the observed odd—even effect in the
CB crystallinity (especially after thermal treatment), and perhaps
also water solubility and micromorphology, can be simply and
solely explained by symmetry arguments, that is, a less efficient
self-association for CB[S] and CB[7] as compared with CB[6]
and CB([8], resulting in fewer CH - « - O interactions per cucurbi-
turil. This would lead to a more favorable solvation for the CBs
having an odd symmetry whereas those having an even one
would prefer to self-associate in a manner ultimately leading to
crystallization. We also showed that the hexagonal CB[6] P6/
mmm crystals (perfect stack structure) slowly transform (faster
with the aid of heat) to the channel microporous crystals of
CB[6] R3 form, which shows much promise for gas storage. We
believe that this is an important and facile route for the bulk
preparation of the CB[6]-R3 material because of the ease of
crystal growth (very large hexagonal crystals of CB[6] grow
directly inside the reaction flask at the end of the synthesis
reaction) and its high potential for scale up (17 g were obtained
for the best batch of crystals). Finally, cucurbituril solids were
also demonstrated to be moisture sensitive with a rapid water
adsorption (=4% by weight) after thermal activation. Besides,
these findings are important because they provide a structural
basis accounting for intriguing yet unexplained aspects of cucur-
bituril solid and liquid state properties. One general observation
which has emerged is that the CB[n] form a plethora of different
host—guest structural types, where the frameworks can change
markedly depending on the ring size and the guest and water
content. However, as the number of crystal structures increases it
is becoming apparent that certain structural types occur more
than once (the same crystal framework with different guests),
e.g., the CB[6] R3 structure (this work and Kim’s structure);'*
the CB[6]C Cmc21 structure (this work and a recent work on
a diethyl ether/water complex);*® the CB[8] 141/a structure
(this work and refs 2c and 7m). Beyond the structural insights
gained from the combination of techniques employed, this
paper provides a convenient overview for the preparation and
use of CB[n] materials with well-defined, unequivocal struc-
tures. This may help expand the use of these synthetic and
appealing macro?fcles in advanced apsplications such as self-
sorting systems,*® adaptive chemistry,”” systems chemistry,*®
and for gas adsorption.'*
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