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M, L4 molecular capsules self-assembled from M(11) ions (where
M = Zn, Ni, and Pd) and bent bidentate ligands constructed
from anthracene fluorophores. The Ni(i) and Zn(i1) capsules
exhibited weak to strong blue emission unlike traditional Pd(i)
cages and capsules.

Fluorescence has widespread applications from fundamental
sciences to practical materials and devices. Host—guest inter-
actions within the well-defined cavities of self-assembled,
nanometre-sized coordination capsules portend practical
applications as chemosensors, biological probes, and light-
emitting diodes.* However, nearly all capsules and cages
composed of reversible metal-ligand bonds are non-emissive
due to quenching by the heavy transition metal ions.® The few
coordination capsules assembled using Cd(ir), Hg(ir), or Zn(11)
ions can exhibit weak or moderate emission from the typically
small, aromatic ligand frameworks.*> Here we describe highly
fluorescent ML, coordination capsule 1%, quantitatively self-
assembled from Zn(ir) ions and bent bidentate ligand 2 with
expanded aromatic surfaces (Fig. 1). The eight anthracene
panels define and enclose a large interior cavity, ~1 nm in
diameter. In sharp contrast to non-emissive traditional Pd(ir)
cages and capsules,” the Zn(i) capsule shows strong blue

strong
fluorescence

Fig. 1 Design of highly fluorescent Zn(1)-linked molecular capsule
17" assembled from two Zn(i1) ions and four bidentate ligands 2
consisting of large anthracene panels.
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emission, Ana.x = 438 nm and @ = 0.81 and, surprisingly,
the Ni(i1) capsule was also found to be emissive, &g = 0.20.

Anthracenes are a well-known class of highly emissive

fluorophores,®” yet the incorporation of anthracenes or other
similar, highly emissive large aromatics into the framework of
discrete coordination cages to install desirable photophysical
properties has yet to be reported.® We recently succeeded in
the preparation of M,L, molecular capsule 174 by using Pd(ir)
jons and analogous bidentate ligand 2.° The Pd(u) capsule
contains eight anthracene fluorophores but no emission was
observed. In a manner similar to other coordination hosts,
quenching likely occurs via the prerequisite transition metal
ions.*° To engender potentially useful emissive properties in
M,L, coordination capsules, Zn(i1) ions were employed as the
metal hinges as their fully occupied d'° electronic configuration is
generally more tolerant of emission from nearby fluorophores.*
Zn(OTf), proved to be the best source of the Zn(1) hinge and
we were delighted to find that simply switching from Pd(11) to
Zn(m) provided the highly fluorescent ML, coordination
capsule (Fig. 1).

Zn(u)-linked molecular capsule 1“" formed quantitatively

upon mixing ligand 2!' (17.0 pmol) and Zn(OTf), (8.50 pmol)
in CD;CN (0.5 mL) at 80 °C for 1 h (Fig. 2). In the '"H NMR
spectrum (Fig. 2b and c), the two signals of the peripheral
pendant methoxy groups Hy and H; were clearly observed (at
4.22 and 3.91 ppm, respectively) where only H, displayed a
significant downfield shift (Ad = +0.34 ppm) upon the
capsule formation.'? Eleven proton signals were observed for
anthracene (Hcc' qd/cy), pyridine (Hgpi), and m-phenylene
(H,p) rings in the aromatic region (Fig. 2c). The large upfield
shift of Hy on the central m-phenylene ring (Aé = —1.34 ppm)
is indicative of a capsule structure and increased shielding
from the flanking anthryl moieties. Upon heating (~50 °C),
Zn(u1) capsule 17" remained intact and the broad proton signals
became relatively sharp (Fig. S11b, ESIf). At low temperature
(0 °C), they resolved into two sharp signals, indicating that the
motion of the anthracene panels was suppressed. The diameter of
the capsule was calculated to be approximately 1.6 nm on
the basis of the single band at log D = —9.1 (D = 7.5 X
10719 m? sfl) in the '"H DOSY NMR spectrum (Fig. S12,

ESIT).!? The ESI-TOF MS spectrum of a CH;CN solution of
lZn

unambiguously confirmed the M,L, composition with

prominent signals at m/z = 737.5 (1Z" — 4. TfO*"), 747.7
(17" + CH5CN — 4TfO7]*"), 10329 (1% — 3.TFO*T),
1046.6 (1 + CH;CN — 3. TfOJ*"), and 1623.9
(17" — 2.TfFO]*") (Fig. 2d). These results, when coupled
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Fig. 2 (a) Schematic representation of the preparation of Zn(i)-
linked molecular capsule 12" via self-assembly of bidentate ligand 2
and Zn(OTf),.">"3 "H NMR spectra (400 MHz, rt) of (b) ligand 2 in
CDCl; (*: CHCI3) and (c) capsule 1% in CD5;CN. (d) ESI-TOF MS
spectrum of a CH;CN solution of 17",

with the lack of signals indicating 12" fragmentation, demon-
strate the stability of the M,L, capsule structure in high
dilution under ESI-TOF MS conditions. Further '"H NMR
titration experiments corroborated the 2:4 metal to ligand
ratio and revealed that no proton signals derived from inter-
mediate species were observable during the self-assembly
processes. The analogous M,L4 molecular capsules 1™ where
M = Ni or Pd’® were prepared using similar procedures.'?

X-ray crystallographic analysis firmly established the discrete,
three-dimensional, hollow structure of the M,L4 molecular
capsules. Pale yellow, X-ray quality single crystals of the Ni(i1)
analogue 1™ were obtained by slow vapor diffusion
of CH;OH into a CH5CN solution of the capsule.!* The
distorted spherical structure of capsule 1’ possesses
Dy-symmetry and is composed of four ligands and two Ni(ir)
ions (Fig. 3).!* The coordination geometry of each Ni(ir) atom
is octahedral with the four pyridyl groups coordinated in the
square planar position. The apical positions of one of the Ni
atoms are occupied by one H,O and one CH;CN molecule,
whereas two H,O molecules occupy the apical positions of the
other Ni atom. Both of the distance between the two Ni(ir)
atoms and that between the antipodal anthracene rings are
~135A. A single counter ion (ClO4 ) and several CH;OH
molecules are incarcerated within the anthracene framework
of 1™ (Fig. 3b and c). The optimized structure of 12" closely
resembles the crystal structure of 1/ Ni and, combined with the
NMR and MS data, substantiates a spherical M,L, capsule
structure for 17" (Fig. S33, ESI}).!>13

Fig. 3 X-ray crystal structure of Ni(i)-linked molecular capsule 1'™:
(a) a stick and ball representation without hydrogen atoms (Ni: green
ball), and (b) side and (c) top views using a space-filling representation.
The counterions and solvent molecules are omitted for clarity.
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Fig. 4 (a) UV-vis (CH;CN, 1™: 0.056 mM, 2: 0.23 mM, rt) and
(b) fluorescence (degassed CH;CN, Ao, = 396 nm, rt) spectra of
capsules 17" (blue line), 1" (orange line), 1™ (green line) and ligand
2 (gray lines). (c) Blue emission from 1™ and no emission of 17 in
CH;3CN under UV irradiation (4o, = 365 nm) at rt.

The UV-vis spectra of molecular capsules 1™ in CH;CN are
dominated by the n—n* transitions of the anthracene moieties
from 320 to 430 nm (e.g., 1%™ Jpax = 378 nm, ¢ = 75 X
10 M~' ecm™") (Fig. 4a). In ligand 2 and capsule 1™, the
anthracene rings are held orthogonal to the pyridine rings'® so
that the absorption bands in capsules 1™ exhibit only a minor
red shift (AA < +5 nm) with respect to ligand 2.

Whereas the absorptive properties were insensitive to the
identity of the metal hinge in capsules 1™ (M = Zn, Ni, and
Pd), the emissive properties turned out to be dependant on
the transition metal ion. Irradiation of a degassed CH;CN
solution of Zn(u) capsule 17" at 396 nm resulted in blue
emission at An. = 438 nm with an absolute quantum yield
(Pr) of 0.81."2 Ni(u) capsule 1™ also exhibited similar
emission (Amax = 431 nm, @ = 0.20) but capsule 174 was
essentially non-emissive (®g ~ 0.00) (Fig. 4b and c).

The emission features and the quantum yield of
closely match that of the parent luminophore in ligand 2
(Amax = 434 nm, & = 0.79) and indicate that each of the
eight, closely assembled, anthracene rings of the capsule

1Zn
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behaves as independent luminophores.!” Switching from
Zn(11) to Ni(i1) results in slight quenching of the emission
due to the presence of the paramagnetic metal ions, yet the
emission maximum and shape remain almost unchanged.
Emission from the Zn(i) capsule displayed greater oxygen
sensitivity than free ligand 2: in aerated solutions, emission
from 1" was quenched by 46% whereas that from 2 was only
quenched by 19%.'8

In summary, we have prepared metal-linked M,L, molecular
capsules with ~1 nm cavities fully enshrouded by the eight
large panels of anthracene fluorophores. In sharp contrast to
the majority of previous coordination cages and analogous
Pd (1) capsules, the Zn(11) and Ni(11) capsules are emissive with
the high and moderate quantum yields, respectively. The
emissive properties of these new molecular capsules bearing
fluorescent shells promise novel applications where supra-
molecular host—guest interactions can be used to develop
new fluorescent functional materials, sensors, and devices.
These novel fluorescent capsules are particularly attractive as
zinc is a “‘green” transition metal and the exterior functional
groups can be readily modified and elaborated.
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