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ABSTRACT: Nano- and micrometer-scale crystals of a
self-assembled hexamer have been synthesized via
sonochemistry. The application of ultrasonic irradiation
afforded hollow rhombic-dodecahedral crystals of the C-
methylcalix[4]resorcinarene hexamer. The formation of
the hollow crystals is attributed to a reversed crystal
growth mechanism heretofore described only in the
synthesis of inorganic-based materials.

Crystals having nano- and micrometer-scale dimensions are
important materials in fields that range from materials

science to medicine.1,2 An appreciable number of crystals with
sizes reduced to nanodimensions exhibit cubic symmetries and
shapes at both the molecular and bulk scales. However, in
purely organic systems, a cubic lattice is rare.3 A search of the
Cambridge Structural Database revealed that less than 0.1% of
all reported purely organic crystals are cubic.4,5 The lack of
organic systems can be attributed to the anisotropy of
molecules, which largely prohibits the packing from meeting
cubic symmetry requirements.6 C-Methylcalix[4]resorcinarene
(CMCR) is an organic system that crystallizes in a cubic space
group (Figure 1). The bowl-shaped molecule self-assembles to

form a chiral sphere composed of six resorcinarenes and eight
water molecules in the rare space group I432.7 The field of
supramolecular chemistry has shown immense interest in
hexameric assemblies of resorcin[4]arenes, as well as related
calix[4]pyrroles and pyrogallol[4]arenes, because of their ability

to encapsulate guests with potential applications in fields such
as drug delivery.8−13 Resorcinarenes have also been identified
as excellent surfactants for the dispersion and self-assembly of
metal nanoparticles into well-defined structures.14 However,
the development of resorcinarenes and, more generally, host−
guest systems as nanocrystals remains largely unexplored.15−17

With this in mind, we report the fabrication of crystals having
nano- and micrometer-scale dimensions that are composed of
CMCR hexamers. The crystals, with sizes as small as 157 nm,
were obtained via a sonochemical approach. The application of
ultrasound offers a versatile means to form nanostructured
materials that are inaccessible by conventional method-
ologies.18−21 Here we show not only that sonochemistry is
critical for forming CMCR nanocrystals but also that ultrasonic
irradiation affords hollow crystals. Solids with hollow interiors
of interest include dendrimers, graphite, silica, metals, and
inorganic materials with applications in a number of fields (e.g.,
devices).18,22−26 The CMCR crystals described here are the
first reported hollow, polyhedral crystals composed of purely
organic components.27 The formation of the hollow crystals is
attributed to a reversed crystal growth mechanism recently
elucidated by Zhou and co-workers28−31 to account for the
formation of hollow zeolite and perovskite crystals. The stages
of reversed crystal growth include oriented aggregation of
nanoparticles, surface recrystallization, and growth from the
surface to the core.
In the original report,7 the CMCR hexamer was prepared by

crystallization from boiling nitrobenzene (NO2Ph) over the
course of 2 weeks. The result was light-yellow crystals of cubic
morphology suitable for single-crystal X-ray diffraction (XRD).
When the procedure was repeated, we obtained a yellow
precipitate consisting of both crystals and a powder, which
powder XRD (PXRD) confirmed to be the CMCR hexamer. A
close examination of scanning electron microscopy (SEM)
micrographs revealed a mixture of crystalline morphologies
consisting of large flakes and rhombic dodecahedra. The
rhombic-dodecahedral crystals ranged from 4 to 40 μm in
diameter, while the size of the flakes was not uniform and
varied on the order of hundreds of micrometers (Figure 2a,b).
To synthesize CMCR hexamer crystals reduced to nano-

meter dimensions, we turned to sonochemistry.18 The coupling
of rapid precipitation and sonochemistry has been shown to
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Figure 1. Structure of C-methylcalix[4]resorcinarene (CMCR) and
cubic solid-state packing of CMCR hexamers (disordered molecules
have been omitted).
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afford multicomponent nanocrystals, or cocrystals, containing
purely organic components.20,21 A typical preparation consisted
of dissolving CMCR (0.003 g, 5.5 mmol) in boiling NO2Ph (1
mL) and rapidly injecting the solution into water (10 mL).
During the injection, the water was simultaneously stirred and
exposed to ultrasonic irradiation. After 2 min, an aliquot was
removed for analysis by PXRD, SEM, and transmission electron
microscopy (TEM).
Close examination of SEM and TEM micrographs revealed

crystals of rhombic-dodecahedral morphology (Figure 2c). The
crystal sizes were reduced relative to the original recrystalliza-
tion and could be fit to a Gaussian distribution characterized by
an average diameter of 630 nm (s.d. 315 nm) with well-defined
morphologies as small as 157 nm (Figure 2d). PXRD analysis
confirmed that the solid formed using the sonochemical
approach consisted of CMCR hexamers (Figure S1 in the
Supporting Information). Additional peaks in the powder
pattern were assigned to a hydrate of the resorcinarene. Indeed,
a solid with a PXRD pattern that matched these additional
peaks was obtained directly from a water suspension after
equilibration for 3 days.32 The propensity of CMCR to form
hydrates (and solvates in general) is well-documented.33

When the nanocrystallization of the CMCR hexamer was
repeated with vigorous stirring in water alone, the resulting
solid was composed of smooth spherical particles that ranged
from 40 to 900 nm in diameter (Figure S2). When the
suspension was allowed to age for 2 months, no change in size
or morphology was observed (Figure S3). However, the
smooth spheres could be converted to rhombic dodecahedra
upon exposure to ultrasound. SEM analysis clearly demon-
strated the presence of well-defined crystals, albeit of
micrometer dimensions (Figure S4). From these observations,
we concluded that the combined application of ultrasonic
irradiation18,19 and rapid precipitation is required to obtain the
well-defined nanosized crystals of CMCR.
During the sonochemical preparation of CMCR nanocryst-

als, we observed rhombic dodecahedra exhibiting a hollow
morphology (Figure 3). SEM micrographs displayed dodeca-
hedra that were likely fragmented into two pieces19 (Figure
3a−c) or, remarkably, were formed with a hole to reveal a
hollow interior (Figure 3d). The fragmented polyhedra
exhibited a spherical interior and had approximate shell
thicknesses ranging from 70 to 230 nm. The occurrence of

the hollow crystals was not size-dependent, as crystals from 500
nm to 4 μm in diameter exhibited hollow morphologies.
Crystals with hollow polyhedral topologies have been observed
for inorganic materials,28−31 with zeolite analcime and zeolite A
being examples based on a porous structure. The zeolites
formed according to a reversed crystal growth mechanism that
began with oriented aggregation of nanoparticles, proceeded by
surface recrystallization, and concluded with growth from
surface to core via Ostwald ripening.29,34

To gain insight into the formation of the hollow CMCR
crystals, crystallization studies were performed in NO2Ph at 20-
fold dilution. A dilution was employed to decrease the rate and
observe the stages of crystallization, but the crystal growth
remained rapid in comparison with zeolites.34,35 SEM analysis
revealed platelike crystals upon only 45 s of sonication, which
included sizes as small as 70 nm (Figure 4a). Exposure to

ultrasonic irradiation for 2 min converted the plates to the
rhombic-dodecahedral morphology. Building units in the form
of nanoplatelets were visible, with clear boundaries on the
surface of the polyhedra (Figure 4b).29 The presence of
platelets is consistent with an oriented aggregation process in

Figure 2. (a, b) Rhombic-dodecahedral CMCR crystals formed via
slow solvent evaporation. (c) TEM micrograph of nanocrystals. (d)
Particle size distribution of the solid prepared via sonochemistry.

Figure 3. SEM micrographs of (a−c) fragmented hollow rhombic
dodecahedra and (d) a rhombic dodecahedron formed with a hole.

Figure 4. (a, b) Comparison of SEM micrographs of organic
nanocrystals of CMCR after sonication for (a) 45 s and (b) 2 min
at 20-fold dilution in NO2Ph. (c, d) SEM micrographs showing partial
surface crystallization of islands having a triangular shape.
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which nanocrystallites organize to share identical orientations,
whereupon fusion occurs at the interface to form a single
crystal.36−39 Indeed, SEM micrographs taken in our original
attempts to form nanocrystals of CMCR, without dilution and as
in the case of preparing zeolites,28 revealed disordered
aggregates with crystalline “islands” having an approximately
triangular shape (Figure 4c,d). The islands likely correspond to
partially formed polygons and coincide with partial surface
crystallization that continues to grow over the surface and self-
adjust until the entire surface corresponds to the faces of a
rhombic dodecahedron (e.g., Figure 3d). To our knowledge,
the reversed growth mechanism displayed by a purely organic
material in the form of CMCR is a unique occurrence. These
observations are particularly important given that surface-
adsorbed organics are typically used only to enhance
interparticle interactions of inorganic components that are
known to exhibit such a mechanism.29

In this report, we have presented a sonochemical preparation
of CMCR host−guest crystals having nano- and micrometer-
sized dimensions achieved with rapid nucleation of a crystalline
phase. The crystals undergo oriented aggregation to yield
rhombic dodecahedra and hollow dodecahedral crystals. The
mechanism is attributed to a reversed crystal growth process
heretofore observed only in inorganic-based materials. Efforts
are underway to identify additional organics, as well as metal−
organics,40,41 that exhibit such nonclassical crystal growth to
afford nanocrystalline solids. Nano- and micrometer-scale
crystals of additional and controlled morphologies based on
the self-assembled hexamer are also under investigation.

■ ASSOCIATED CONTENT
*S Supporting Information
Experimental details, sample characterization, PXRD data, and
SEM micrographs. This material is available free of charge via
the Internet at http://pubs.acs.org. Supplementary crystallo-
graphic data (CCDC reference code LIWQIR) can be obtained
free of charge from the Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/conts/retrieving.html.

■ AUTHOR INFORMATION
Corresponding Author
len-macgillivray@uiowa.edu
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
L.R.M. acknowledges the National Science Foundation (DMR-
1104650) for financial support. J.R.G.S. acknowledges support
by the Predoctoral Training Program in Biotechnology (NIH
T32 GM008365). The authors acknowledge the Office for the
Vice President of Research and the Central Microscopy
Research Facility.

■ REFERENCES
(1) Xia, Y.; Xiong, Y. J.; Lim, B.; Skrabalak, S. E. Angew. Chem., Int.
Ed. 2009, 48, 60.
(2) Burda, C.; Chen, X. B.; Narayanan, R.; El-Sayed, M. A. Chem. Rev.
2005, 105, 1025.
(3) Moorthy, J. N.; Natarajan, R.; Savitha, G.; Venugopalan, P. Cryst.
Growth Des. 2006, 6, 919.
(4) Allen, F. H. Acta Crystallogr. 2002, B58, 380.
(5) Field, J. E.; Combariza, M. Y.; Vachet, R. W.; Venkataraman, D.
Chem. Commun. 2002, 2260.

(6) Ward, M. D.; Horner, M. J. CrystEngComm 2004, 6, 401.
(7) MacGillivray, L. R.; Atwood, J. L. Nature 1997, 389, 469.
(8) Shivanyuk, A.; Rebek, J. Jr. Proc. Natl. Acad. Sci. U.S.A. 2001, 98,
7662.
(9) Atwood, J. L.; Barbour, L. J.; Jerga, A. Proc. Natl. Acad. Sci. U.S.A.
2002, 99, 4837.
(10) Avram, L.; Cohen, Y. J. Am. Chem. Soc. 2002, 124, 15148.
(11) Shivanyuk, A.; Rebek, J. Jr. Chem. Commun. 2001, 2424.
(12) Gil-Ramirez, G.; Benet-Buchholz, J.; Escudero-Adan, E. C.;
Ballester, P. J. Am. Chem. Soc. 2007, 129, 3820.
(13) Avram, L.; Cohen, Y.; Rebek, J. Jr .Chem. Commun. 2011, 47,
5368.
(14) Wei, A. Chem. Commun. 2006, 1581.
(15) Clark, T. E.; Makha, M.; Sobolev, A. N.; Rohrs, H.; Atwood, J.
L.; Raston, C. L. Chem.Eur. J. 2008, 14, 3931.
(16) Martin, A. D.; Boulos, R. A.; Stubbs, K. A.; Raston, C. L. Chem.
Commun. 2011, 47, 7329.
(17) Heaven, M. W.; Cave, G. W. V.; McKinlay, R. M.; Antesberger,
J.; Dalgarno, S. J.; Thallapally, P. K.; Atwood, J. L. Angew. Chem., Int.
Ed. 2006, 45, 6221.
(18) Bang, J. H.; Suslick, K. S. Adv. Mater. 2010, 22, 1039.
(19) Zeiger, B. W.; Suslick, K. S. J. Am. Chem. Soc. 2011, 133, 14530.
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