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The inception of an unprecedented class of voluminous Platonic solids displaying hierarchical geometry
based on pyrogallol[4]larene moieties seamed by divalent calcium ion is described. Single-crystal X-ray
structural determination has established the highly conserved geometry of two original Ca®*-seamed
nanocapsules to be essentially cubic in shape with C-ethylpyrogallol[4]arene units located along the
twelve edges of the cube which are then bridged by metallic polyatomic cations ([Ca4ClI”* or [Ca(HCO5)
Na4l®*) at the six cube faces. The accessible volume of the nanocapsules is ca. 3500 A® and 2500 A® and
is completely isolated from the exterior of the capsules. These remarkable nanocapsule discoveries cast
a spotlight on a marginalized area of synthetic materials chemistry and encourage future exploration of
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deriving from the intrinsic biocompatibility of calcium. Finally, a proof-of-concept is demonstrated for
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The development of molecular capsule research began in 1995
with reports by Rebek et al. of “tennis ball” assemblies.'® These
hydrogen-bonded, self-assembled dimers enclose a volume
sufficient to host a methanol molecule (Venciosea = 100 A3). In
1997, MacGillivray and Atwood synthesized and characterized
the hexameric [C-methylresorcin[4]arene]s(H,O)s, a molecular
capsule held together by 60 hydrogen bonds and having
a Venclosed Of ~1400 A% This nanocapsule possessed an overall
geometry of the Archimedean solid referred to as a snub cube.?
Subsequently, it was discovered that C-alkylpyrogallol[4]arenes
in a range of nonaqueous solvents afforded hexameric capsules
held together by 72 hydrogen bonds.®® In 2005, McKinlay et al.
found that 24 Cu®* ions stripped 48 H" ions from the [C-propan-
3-olpyrogallol[4]arene]s structure to yield Cu,,[C-propan-3-
olpyrogallol[4]arene]s. Consequently, a range of M,,[C-alkyl-
pyrogallol[4]arene]s (hexameric) and Mg[C-alkylpyrogallol[4]
arene], (dimeric) nanocapsules were demonstrated, both in the
solid state and in solution, for M = Zn,'*** Cu,**** Ni,**** Co,*>**
Ga,"”**In," Fe,”° Mn,”*** V,”® and U.** Furthermore, very recently
C-butylpyrogallol[4]arene formed an anion-based self-assembly
leading to the formation of hexameric nonocapsules that are
ion-paired with cations.>® Although the 24 years of continuous
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suggesting their potential as delivery vehicles for drugs, nutrients, preservatives, or antioxidants.

research since the discovery of the hexameric capsule have
produced numerous variants of the known hexameric and
dimeric structures, almost no examples exist for alternate
geometries beyond these two. Solution studies have pointed to
the existence of larger geometries, but these have never been
isolated.”® Even nanocapsules built on less usual metals (e.g.,
alkali or alkaline Earth metals, mixed-valence) or mixed mac-
rocycles, for example Ga,,[C-alkylpyrogallol[4]arene]s,*
(Fe*")16(Fe*") 6[C-alkylpyrogallol[4]arene]s,2® (Mn*"),(Mn>"),[C-
alkylpyrogallol[4]arene]s,>>  Zn,g[(C-alkylpyrogallol[3](resorci-
narene[1]))]s,” and  Zn,[(C-alkylpyrogallol[3](resorcinarene
[1]))]2,>® generally represent iterations of earlier-established
geometries.

Recently, solvothermal methods have emerged as synthetic
tools to prepare varied nanocages,**** including nanocapsules
incorporating C-alkylpyrogallol[4]arenes.***** Initially, the sol-
vothermal method was employed in the synthesis of discrete
nanocapsules with metal ions like magnesium?®>*° and as a tool
to alter the geometries of the existing nanocapsules.>”*® Fol-
lowingly, the solvothermal method was used to functionalize
nanocapsules.*** For instance, the magnesium nanocapsule
was functionalized externally (altering the ligand to C-propan-3-
olpyrogallol[4]arene; PgC;0H from C-propylpyrogallol[4]arene;
PgCs) and internally (coordinating six proline molecules endo-
hedrally).** Very recently, solvothermal methods were employed
in synthesizing hierarchical self-assemblies from nanocapsules
of Dy,* Gd,** and Pr,”” advocating the use of solvothermal
methods in obtaining diverse** and controlled self-assemblies.
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Calcium-based metal-organic frameworks are known**
however, zero-dimensional calcium-seamed nanocapsules have
never been isolated. Such Ca**-seamed nanocapsules may prove
interesting as benign catalytic centers and find biomedical
application, given the high natural abundance (3.4% of Earth's
core) and biocompatibility of calcium. Calcium ion was recently
shown by the Dauenhauer group to accelerate glycosidic ether
scission in cellulose,* with Ca®>" acting primarily to stabilize
charged transition states and secondarily in the disruption of
native cellulose hydrogen bonding. In another example, Résch
et al. reported that B-diketiminate-ligated low-valent Ca* can
mediate dinitrogen reduction, assisted by potassium as the
terminal reductant.*® These developments have inspired efforts
in our group to expand the chemistry of pyrogallol[4]arene-
based nanocapsules to include calcium as the bridging
species. Remarkably, a solvothermal treatment of CaCl, with C-
ethylpyrogallol[4]arene (PgC,, Fig. 1) afforded completely
unexpected dodecamers comprising giant cube-shaped nano-
capsules compositionally described by [(Ca,Cl)¢][(C-ethyl-pyro-
gallol[4]arene);,].

The ligand C-ethylpyrogallol[4]arene (PgC,) 1 was prepared
by condensation between pyrogallol and propionaldehyde.* 1 is
a cup-shaped molecule displaying twelve hydroxyl groups
positioned at the rim of the cup (Fig. 1). Firstly, a series of
experiments were carried out assembling 1 and anhydrous
calcium chloride. The ligand 1 when mixed with anhydrous
calcium chloride in a 1:1 (v/v) DMF : methanol (MeOH) solu-
tion, followed by sonication (60 min), and heating of the reac-
tion flask at 125 °C (24 h) afforded golden plate-like crystals of
calcium-seamed nanocapsule 2 [(Ca,Cl)s][(PgC5)12], which were
structurally characterized by single crystal X-ray diffraction
(SCXRD) using a synchrotron light source. We attempted to
isolate more examples of this new family of capsules using other
Ca”" salts. Mixing ligand 1 with calcium bromide hydrate in
6 mL DMF, followed by sonication (60 min), and heating of the
reaction flask at 125 °C (96 h) afforded golden plate-like crystals
of an isostructural capsule, this one seamed by a polyatomic ion
composed of Ca®>", Na¥, and formate (HCO, ) (nanocapsule 3
[Cajz,(CaNay(HCO,)5)s(OH)g(DMF),4(OH,)54(PECs)12]). The
source of Na' ions in 3 is unknown; attempts to reproduce it by
deliberately adding Na" and HCO, ™ have only led to the isola-
tion of known crystalline forms of Ca(HCO,),. Subsequent

Fig. 1 Structure of the C-ethylpyrogallol[4]arene (PgC,) 1 organic
nanocapsule building block. (left) Line drawing and (right) schematic
structure showing a cup-shaped geometry. Oxygens are shown in red
to highlight the twelve upper rim hydroxyl groups.
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attempts to synthesize a capsule using CaBr, in the absence of
Na' and HCO, ™ have repeatedly led to the isolation of a homo-
geneous crystalline phase with a unit cell of comparable volume
to 2 and 3 as determined by SCXRD (tetragonal P, a = b =
38.26(2) A, c = 39.92(2) A, « = 8 = v = 90°; V = 58 436(2) A*). The
crystal structure has not yet been solved, as all SCXRD
measurements on these crystals have failed to produce a data
set of sufficient resolution to be solved by small molecule
methods. Regardless, the isolation of 2 and 3 indicate that the
unusual cubic geometry is reproducible, with as-yet undiscov-
ered variations likely to exist (Fig. 2).

Crystal structure analysis shows that both capsules have 12
PgC, moieties on the edges of the cube which are bridged across
the faces of the cube by polyatomic ions containing four metal
ions in a cross-shaped arrangement (Fig. 3 and S6, S7t). In 2
these consist of discrete, planar groups of 4 Ca** ions bridged to
a single central Cl™ (Fig. S8%); similar arrangements have been
reported with bridging Cl™, F~, and O, ions.*”™* In capsule 3,
the PgC, ligands coordinate to Na' ions which are bridged to
a central Ca** ion in an analogous shape (Fig. S91). The cubic
faces and PgC, moieties in 3 are further cross linked by tetra-
nuclear clusters of Ca®* ions bridged by formate (Fig. S107). The
interiors of the capsules are completely sealed from the exterior
environments of the capsule. The accessible internal volumes
are estimated at 3500 A® and 2500 A® for 2 and 3, respectively.
The smaller internal volume of 3 is due to the fact that the
polyatomic ion occupies part of the internal capsule; otherwise,
the two capsules are nearly identical in size. Both capsules pack
through assorted noncovalent interactions between edges or
corners of the cubes, leaving large regions outside the capsules
filled with disordered solvent molecules.

As the crystal structures indicate that the nanocapsule inte-
riors are totally isolated from the exterior, these nanocapsules
could potentially be used to make large, discrete, and isolated
volumes for host-guest applications. Nanocapsule 2 could be
crystallized reproducibly and was used to examine the stability
of these capsules. Powder X-ray diffraction (PXRD) on a bulk
sample of 2 covered in mother liquor and crystals of 2 allowed to
dry in ambient air for 1 h are given in Fig. 4A. The diffraction
pattern of the fresh slurry at ambient temperature matches

Fig. 2 Summary of Ca®"-seamed nanocapsules. (left) Space-filling
and (right) simplified block diagram illustrating the arrangements of the
PgC, 1 macrocycle building block (green) and bridging polyatomic
metal complex (blue; either ([CasCl”* or [Ca(HCO,)Na,l®*) within the
cube-shaped nanocapsules. The atomic coordinates for the left panel
are those of nanocapsule 2 in which each cube face contains the
square planar species [CasClI"*.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Packing plots of nanocapsules (left) 2 and (right) 3 formed by
reaction of calcium halide and PgC,. Superimposed gold frames and
green spheres are included to accentuate the essentially cubic
Platonic geometry and internal cavities, respectively. Elements are
color coded as follows: C = gray, H = white, N = pale violet, O =red, Cl
= green, Na = orchid, Ca = royal blue.
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Fig. 4 (A) Powder X-ray diffraction (PXRD) patterns and (B) ther-
mogravimetric analysis (TGA) on samples of 2 that were freshly
removed from the mother liquor (blue) or allowed to dry in ambient air
(red).

reasonably well to a theoretical pattern predicted from atomic
coordinates. The main differences are a number of smaller or
missing peaks in the theoretical pattern which likely corre-
spond to atoms removed from the model by the solvent mask.
Allowing 2 to dry in air for 1 h results in the loss of all but the
lowest angle diffraction peaks; this indicates that much of the
crystalline order is lost, most likely due to evaporation of the
interstitial solvent, but the structure retains order at its longest
length scales, corresponding to the capsules themselves. Ther-
mogravimetric analysis (TGA) shows that both fresh and dried
samples of bulk 2 immediately lose mass on heating in a step
that stabilizes at ca. 100 °C (Fig. 4B). For the fresh sample, this
step results in the loss of 30.3% of the sample mass; for
comparison, the calculated density of 2 with solvent omitted
(0.713 g em™?) is 34.3% lower than the density of 1.07 g cm >
calculated for [Mg,,(C-propylpyrogallol[4]arene)s(proline)y(-
DMF),(Hs,0)30]* for which the solvent is modeled. The dried
sample of 2 loses 9.5% of its mass. The mass loss of the wet
sample is triple that of the dried sample, which is similar to the

© 2023 The Author(s). Published by the Royal Society of Chemistry
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relative sizes of the interstitial voids which are 2.4 times the size
of the encapsulated voids (17 425 A® vs. 7132 A® per unit cell,
respectively). Together, the PXRD and TGA data indicate that,
although the crystals are ultimately unstable to solvent loss even
at room temperature, the capsules are apparently stable and are
able to prevent loss of the encapsulated solvent until after the
loss of the interstitial solvent.

The possibility for hosting functional cargo by entrapping it
within the interior environment of calcium-seamed nanocapsules
during nanocapsular assembly and crystallization was investi-
gated by synthesizing capsule 2 in the presence of the fluorescent
probes Nile red and pyranine (8-hydroxypyrene-1,3,6-trisulfonate).
A comparison reveals that the fluorescence spectrum of Nile red
(NR) released from 2 upon dissolution in DMSO perfectly
matched that of free NR in DMSO (Fig. 5A), both showing a fluo-
rescence maximum at 633 nm. The pyranine was similarly
unperturbed by encapsulation within calcium-seamed 2 (data not
shown). These experiments indicate that fluorescent cargo can be
entrapped within 2 and subsequently released intact.

Dissolution experiments were carried out to obtain the release
profiles of NR and pyranine from 2. Fig. 5B displays the time
release behavior of the entrapped fluorescent reporters using 1 :
1 (v/v) dimethylformamide (DMF):MeOH as the release
medium. The calcium-seamed capsules do not dissolve in this
medium. After dispersing crystals of NR- or pyranine-containing
2 into 1:1 DMF:MeOH, the fluorescent reporter is gradually
released by diffusion through the crystalline matrix and into the
surrounding medium. The time-resolved fluorescence intensity
reveals sustained release of the entrapped fluorescent reporters
over the course of an hour. Interestingly, the release profiles
differ markedly for NR and pyranine. NR, a fairly small (~300
Da), uncharged, hydrophobic molecule, exhibits significant
initial “burst” release, followed by slower additional release over
time. The release behavior for pyranine exhibits a much more
steady release over the course of an hour. Although both fluo-
rescent reporters are expected to display guest-to-wall binding to
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Fig. 5 (A) Normalized steady-state emission spectrum for 2-encap-
sulated Nile red (NR) released by crystal dissolution in DMSO
compared to the spectrum of the free dye in DMSQO. (B) Time-release
profiles for Nile red and pyranine encapsulated within 2 during
nanocapsular assembly, monitored at 638 nm and 513 nm, respec-
tively. A 1:1, v/v. DMF: MeOH mixture was used as the extraction
solvent at a level of 1.2 mL per mg of 2.
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nanocapsules within 2, attributable to 7 stacking and CH---7
interactions, the marked difference in release behavior
predominantly reflects the highly charged (trianionic) nature but
also the larger size (~500 Da) of pyranine. That is, the different
time release profiles reflect differences in the guest chemistry,
suggesting disparate guest populations and selectivity in binding
strength. Although details of the mechanism of entrapment and
kinetic release profiles are beyond the scope of this study, these
results provide proof-of-concept for solute entrapment and cargo
release from the interior of these voluminous calcium-seamed
nanocapsule assemblies, suggesting these synthetic hosts
might act as controlled delivery vehicles for other guests such as
(bio)pharmaceuticals, nutrients, preservatives, or antioxidants.
These prospects are currently under exploration within our
laboratories.

Conclusions

In summary, we have discovered a new family of nanocapsules
self-assembled from pyrogallol[4]arene building blocks and
calcium ions. These two structures show conserved geometry
based on a Platonic solid (cube) but differ from all previous
pyrogallol[4Jarene nanocapsules in the number of PgC moie-
ties, the role of the polyatomic metal ions in completely
blocking the interior, and the high variability in the number,
type, and connectivity of the seaming metal ions (and their
counterions). These capsules possess a completely sealed and
exceptionally large interior which our preliminary investiga-
tions suggest is stabilized against solvent loss more so than the
interstitial space, further expanding the applicability of pyro-
gallol[4Jarene capsules in the creation of discrete, fully-
encapsulated nanoscale chambers. The complexity of the
seaming polyatomic ions adds variability to the growing range
of applications that nanocapsules have as high-nuclearity
metal-organic clusters. We attribute the scarcity of examples
of these capsules to the complexity of the polyatomic ions which
play a critical role in capsule assembly but also the unpredict-
ability in assembly, plus the fact that the structural character-
ization of supramolecules of this size is beyond the capabilities
of many in-house single-crystal diffractometers. Nevertheless,
we are confident that these examples represent the first of
a diverse family of colossal nanocapsules, and we continue to
search for the next examples.
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