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ABSTRACT: Reactions of a tripodal ligand, N,N′,N″-tris(3-
pyridinyl)phosphoric triamide (TPPA), and a series of
transition-metal ions result in the assembly of five discrete
M6L8 coordinat ion cages [M6(TPPA)8(H2O)12]-
(ClO4)12·57H2O [M = Ni2+ (1), Co2+ (2), Zn2+ (3), Cd2+

(4)] and [Pd6(TPPA)8]Cl12·22H2O (5). X-ray structural
analyses reveal that the cages have large internal cavities and
flexible windows. The flexible ligand TPPA adopts the syn
conformation in cages 1−4, but it transforms to the anti
conformation in cage 5. Because of the conformational
transformation, the sizes of the windows and the volume of
the internal cavity of cage 5 are increased. 1H NMR and
electrospray mass spectrometric studies show that cage 5 maintains its structural integrity in solution. Additionally, compounds 3
and 4 exhibit strong blue fluorescent emissions, which are 1 order of magnitude higher than that of the free ligand.

■ INTRODUCTION
Self-assembled coordination cages have attracted much
attention because of their fascinating structures and intriguing
applications such as recognition,1 delivery,2 catalysis,3 separa-
tion, and gas storage.4 During the past few decades, extensive
studies have been made on discrete molecular assemblies MxLy
with various values of x and y.5 Among these discrete metal−
ligand assemblies, the self-assembled M6L8 coordination cage is
an important species.6 A useful strategy for obtaining this kind
of cage is the use of triangular facial ligands to link metal ions
with octahedral or square-planar coordination geometry. The
flexibility of the ligand is essential for the formation of a
discrete M6L8 cage because it allows the ligand adopting
variable conformations to meet the requirement of coordina-
tion geometries of metal ions in the assembly process. It is
feasible to reduce the rigidness of the ligand by introducing
some functional groups, such as −NH−, −CH2−, −S−, and
−O−, to the ligand. The resulting coordinated complexes
usually have an octahedral or spherical structure in which six
metal ions lie on the apexes and eight ligands occupy the eight
sides. By using this strategy, several discrete M6L8 cages have
been successfully synthesized. For instance, Fujita and co-
workers combined a tripodal tridentate ligand with Pd(NO3)2
to form a hollow M6L8 molecular sphere.6a Lah and co-workers
reported two nanosized octahedral cages using suitably
designed C3-symmetric triangular ligands as facial components
and C4-symmetric PdII metal ions as corner linkers.6b In our
previous studies, we synthesized a neutral M6L8 metal-

losupramolecular cube cage based on a flexible pyridine-based
ligand and octahedral NiII ions.6c

Keeping this strategy in mind, we designed a new flexible
tripodal ligand, N,N′,N″-tris(3-pyridinyl)phosphoric triamide
(denoted as TPPA hereafter), to attempt to build discrete M6L8
cages. The C3-symmetric ligand TPPA, which was synthesized
in high yield from the reaction of 3-aminopyridine and
phosphoryl chloride, possesses three pyridine rings connecting
a phosphoryl group via flexible amide units. As expected, the
pyridine rings can freely rotate around the amide functional
groups, which allow the ligand to adopt different conformations
and satisfy the coordination requirements of different metal
centers. It is notable that the amide functional groups of the
ligands would form hydrogen bonds with appropriate solvent
molecules, thus improving the solubility of the resultant
molecular cages.
Herein, we report the assembly of five octahedral M6L8 cages

constructed by the conformationally flexible tripodal ligand
TPPA, namely, [M6(TPPA)8(H2O)12](ClO4)12·57H2O [M =
Ni2+ (1), Co2+ (2), Zn2+ (3), Cd2+ (4)] and [Pd6(TPPA)8]-
Cl12·22H2O (5). Interestingly, the flexible ligand TPPA adopts
two different conformations in cages 1−4 and cage 5,
respectively, denoted as the syn and anti conformations.
When the pyridyl N and phosphoryl O of the ligand are on the
same side, the conformation of the ligand is defined as syn.
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Contrarily, when they are on the opposite side, the
conformation is defined as anti (Scheme 1). Conformational

change is a common, but significant, phenomenon in biological
systems.7 Moreover, conformational change is also an
important phenomenon in coordination polymers and organic
catalytic systems.8 Therefore, it is an important topic that is
worth paying attention to. In this work, we report an interesting
conformational change in discrete coordination cages as well as
their characteristics in the solid state and/or solution.

■ EXPERIMENTAL SECTION
General Details. TPPA was prepared according to the procedures

outlined in the literature.9 All other reagents were obtained from
commercial vendors and, unless otherwise noted, were used without
further purification. Caution! Perchlorate salts of metal complexes with
organic ligands are potentially explosive. Only a small amount of material
should be prepared, and it should be handled with care. Emission and
excitation spectra were recorded on an Edinburgh Instruments
FLS920 spectrofluorimeter equipped with both continuous-wave
(450 W) and pulse xenon lamps. IR spectra were recorded with
KBr pellets on a Perkin-Elmer Spectrum One FT-IR spectrometer in
the range 400−4000 cm−1. Single-crystal X-ray diffractions were
carried out by the 4W2 High Pressure Station of Beijing Synchrotron
Radiation Facility (BSRF) and a Saturn 70 charge-coupled-device
diffractometer. Elemental analyses for C, H, and N were carried out on

a Vario EL III elemental analyzer. The powder X-ray diffraction
(PXRD) patterns were collected using a diffractometer (Rigaku
DMAX2500) with Cu Kα radiation (λ = 1.5406 Å).

Synthesis of [Ni6(TPPA)8(H2O)12](ClO4)12·57H2O (1). Ni-
(ClO4)2·6H2O (0.022 g, 0.06 mmol) and TPPA (0.026 g, 0.08
mmol) were added to a mixed solvent of tetrahydrofuran (THF),
ethanol (EtOH), and water (H2O; 9 mL; 1:1:1, v/v/v), and this
mixture was sealed in a 30-mL Teflon-lined autoclave. The autoclave
was heated to 120 °C, held for 72 h, and cooled to room temperature
at a rate of 0.1 °C/min. Slightly blue cubic single crystals of 1 were
collected and washed with 5 mL of n-hexane. Yield: 68%. Elem anal.
Calcd for C120H258N48O125Cl12P8Ni6: C, 26.69; H, 4.82; N, 12.45.
Found: C, 26.75; H, 4.72; N, 12.42. IR data (KBr, cm−1): 3506(w),
3263(s), 1586(m), 1501(s), 1393(s), 1335(w), 1271(s), 1103(s),
962(s), 809(m), 704(m), 625(s), 498(w).

Synthesis of [Co6(TPPA)8(H2O)12](ClO4)12·57H2O (2). Com-
pound 2 was prepared by a procedure similar to that used for the
preparation of compound 1 except that Co(ClO4)2·6H2O (0.022 g,
0.06 mmol) was used instead of Ni(ClO4)2·6H2O. Yield: 64%. Eleme
anal. Calcd for C120H258N48O125Cl12P8Co6: C, 26.70; H, 4.78; N,
12.45. Found: C, 27.04; H, 4.68; N, 12.58. IR data (KBr, cm−1):
3512(w), 3294(s), 1575(s), 1468(s), 1396(s), 1329(w), 1269(s),
1185(m), 1106(s), 951(s), 816(m), 635(m), 495(w).

Synthesis of [Zn6(TPPA)8(H2O)12](ClO4)12·57H2O (3). Com-
pound 3 was prepared by a procedure similar to that used for the
preparation of compound 1 except that Zn(ClO4)2·6H2O (0.022 g,
0.06 mmol) was used instead of Ni(ClO4)2·6H2O. Yield: 56%. Elem
anal. Calcd for C120H258N48O125Cl12P8Zn6: C, 26.50; H, 4.78; N, 12.36.
Found: C, 26.74; H, 4.58; N, 12.42. IR data (KBr, cm−1): 3516(w),
3270(s), 1588(s), 1392(s), 1336(m), 1272(s), 1194(w), 1090(s),
966(s), 810(m), 622(m), 492(w). 1H NMR (400 MHz, DMSO-d6,
TMS): δ 8.43 (s, 3H, d), 8.08 (d, 3H, c), 7.57 (d, 3H, a), 7.23 (q, 3H,
b) (Figure S5 in the Supporting Information). 31P NMR (161.9 MHz,
DMSO-d6): δ −4.29 (Figure S6 in the Supporting Information).

Synthesis of [Cd6(TPPA)8(H2O)12](ClO4)12·57H2O (4). Com-
pound 4 was prepared by a procedure similar to that used for the
preparation of compound 1 except that Cd(ClO4)2·6H2O (0.025 g,
0.06 mmol) was used instead of Ni(ClO4)2·6H2O. Yield: 63%. Elem
anal. Calcd for C120H258N48O125Cl12P8Cd6: C, 25.19; H, 4.55; N,

Scheme 1. Two Conformations of the Ligand TPPA
Observed in the Cages: (I) Syn and (II) Anti

Table 1. Crystallographic Data and Details of Refinements for Compounds 1−5

1 2 3 4 5

formula C120H258N48O125Cl12P8Ni6 C120H120N48O68Cl12P8Co6 C120H120N48O20P8Zn6 C120H120N48O20P8Cd6 C120H48N48O28Cl12P8Pd6
fw 5398.99 4349.38 3194.62 3476.8 3921.62
temp (K) 173(2) 173(2) 298(2) 298(2) 293(2)
wavelength (Å) 0.70000 0.71073 0.71073 0.71073 0.71073
cryst syst cubic cubic cubic cubic tetragonal
space group I4̅3d I4 ̅3d I4̅3d I4̅3d I4/mmm
a (Å) 45.214(5) 45.317(5) 45.239(2) 45.702(6) 20.9346(2)
b (Å) 45.214(5) 45.317(5) 45.239(2) 45.702(6) 20.9346(2)
c (Å) 45.214(5) 45.317(5) 45.239(2) 45.702(6) 28.252(4)
α (deg) 90 90 90 90 90
β (deg) 90 90 90 90 90
γ (deg) 90 90 90 90 90
volume (Å3) 92431(3) 93064(3) 92585(7) 95457(2) 12382(2)
Z 16 16 16 16 2
Dc (Mg/m3) 1.552 1.242 0.917 0.968 1.052
μ (mm−1) 0.787 0.662 0.717 0.630 0.660
data collected 39903 74872 314617 357796 43138
unique data (Rint) 13517 19238 17634 18248 3376
parameters 1007 790 607 602 170
GOF on F2 1.028 1.013 1.070 1.009 1.039
R1a [I > 2σ(I)] 0.0856 0.0955 0.0930 0.0734 0.0803
wR2b 0.2498 0.3061 0.2756 0.2258 0.2764

aR1 = ∑||Fo| − |Fc||/∑|Fo|.
bwR2 = {∑[w(Fo

2 − Fc
2)2]/∑[w(Fo

2)2]}1/2.
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11.75. Found: C, 25.53; H, 4.34; N, 11.95. IR data (KBr, cm−1):
3504(w), 3287(s), 1588(s), 1470(s), 1390(s), 1334(w), 1270(s),
1194(m), 1108(s), 954(s), 804(m), 626(m), 492(w). 1H NMR (400
MHz, DMSO-d6, TMS): δ 8.45 (s, 3H, d), 8.08 (d, 3H, c), 7.56 (d,
3H, a), 7.24 (q, 3H, b) (Figure S5 in the Supporting Information). 31P
NMR (161.9 MHz, DMSO-d6): δ −4.29 (Figure S6 in the Supporting
Information).
Synthesis of [Pd6(TPPA)8]Cl12·22H2O (5). Compound 5 was

prepared by layering a solution of TPPA (0.026 g, 0.08 mmol) in 5 mL
of methanol onto a solution of K2PdCl4 (0.020 g, 0.06 mmol) in 10
mL of N,N-dimethylformamide (DMF). After 4 weeks, pure colorless
crystals suitable for X-ray crystallographic analysis were harvested.
Yield: 43%. Elem anal. Calcd for C120H164N48O30Cl12P8Pd6: C, 35.41;
H, 4.06; N, 16.52. Found: C 35.57, H 4.12; N, 16.76. IR data (KBr,
cm−1): 3431(m), 3046(m), 2955(w), 2862(w), 1666(w), 1582(m),
1479(s), 1252(s), 963(s), 829(w), 695(m), 505(w). 1H NMR (400
MHz, DMSO-d6, TMS): δ 8.52 (s, 24H, d′), 8.17 (d, 24H, c′), 7.69 (d,
24H, a′), 7.38 (q, 24H, b′). 31P NMR (161.9 MHz, DMSO-d6): δ
−4.20. ESI-MS: m/z 269.7 ([M − 12Cl−]12+), 331.0 ([M −
10Cl−]10+), 488.9 ([M − 7Cl−]7+), 576.3 ([M − 6Cl−]6+), 710.4
([M − 5Cl−]5+).
Single-Crystal Structure Determination. Data for compound 1

was collected by using the 4W2 High Pressure Station of BSRF.
Monochromatic radiation at a wavelength of 0.70 Å was adopted for
pattern collection. Data for compounds 2−5 were collected on a
Saturn 70 charge-coupled-device diffractometer equipped with
confocal-monochromatized Mo Kα radiation (λ = 0.71073 Å) from
a rotating-anode generator. The structures were solved by direct
methods and refined on F2 by full-matrix least-squares methods by
using the SHELXL-97 program package.10 As usual for cage
compounds, crystals in this paper scattered weakly because of the
extensive disorder of anions and lots of solvent molecules.11 The
weakness of the data required using a number of restraints and/or
constraints to keep the geometries of the anions, aromatic rings, or
solvent molecules reasonable. Therefore, no attempt was made to
locate the H atoms of the guest molecules. In structures of compounds
2−4, there were extensive areas of residual electron density that could
not sensibly be modeled as solvents or anions. Therefore, they were
removed via application of the SQUEEZE function in PLATON. The
final formulas of these compounds were determined by combining
with elemental analysis. Details of the structure solution and final
refinements for the compounds are given in Table 1. CCDC 833817−
833821 contain the supplementary crystallographic data (1−5,
respectively) for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/-data_request/cif.

■ RESULTS AND DISCUSSION
Disc re te Octahedra l Coord inat ion Cages

[M6(TPPA)8(H2O)12] (ClO4)12·57H2O [M = Ni (1), Co (2),
Zn (3), Cd (4)]. Single-crystal X-ray diffraction analyses reveal
that compounds 1−4 are isostructural, and the crystal structure
of compound 1 is discussed in detail. The reaction of TPPA
and Ni(ClO4)2·6H2O in a ratio of 4:3 under solvothermal
conditions produced high-yield slightly blue cubic single
crystals suitable for X-ray crystallographic analysis (Figure
1a). The obtained crystals were soluble in common polar
solvents such as methanol, acetonitrile, dimethyl sulfoxide
(DMSO), and DMF but insoluble in nonpolar solvents, such as

n-hexane, cyclohexane, benzene, and trichloromethane. It is
worth noting that the crystals of 1−4 can also be prepared by
reaction of the ligand TPPA and corresponding perchlorate
salts in a THF/EtOH/H2O mixed solvent at room temper-
ature.
The crystals of 1 were weakly diffracted, and X-ray

synchrotron radiation was used to collect high-quality data.
Compound 1 crystallizes in the high-symmetry cubic space
group I4̅3d. X-ray crystal structure analysis unambiguously
demonstrates that 1 is a discrete Ni6L8 cage in octahedral
geometry (Figure 2). Eight equivalent TPPA ligands act as
three-connected linkers to bridge six NiII ions at the apexes to
form the M6L8-type coordination cage. It is interesting that
three pyridyl rings on the same TPPA ligand rotate by about
40° with respect to the central PO groups, which gives the
curvature needed for the cage structure. Each NiII node lies in a
distorted octahedral coordination sphere, where the basal plane
is defined by four pyridyl N atoms from different TPPA ligands,
while the axial positions are occupied by two H2O molecules.
The Ni−N distances range from 2.099(5) to 2.151(4) Å, and
the Ni−O distances range from 2.075(4) to 2.126(4) Å. The six
NiII ions in the cage structure occupy the apexes of an
imaginary octahedron. The average distance between axially
located Ni centers is 13.18 Å, and that between equatorial Ni
centers is 9.15 Å. The average distance between the opposite
PO groups situated at the terminus of the 3-fold axis is 12.37
Å. There are three crystallographically imposed 4-fold axes
passing through two opposite NiII centers and four 3-fold axes
through PO groups of the TPPA ligands, which endows the
cage with Oh symmetry. It is worth noting that all of the TPPA
ligands in compound 1 adopt the syn conformation. The PO
groups of the eight ligands point inward to the center of the
cage, which provides a hydrophilic environment inside the
cavity. The volume of the internal cavity is estimated to be ca.
900 Å3.12 The spherical shape of the cage is important because
the cavity volume is maximized. The large internal cavity of the
cage offers the possibility of developing a suitable nanosized
host system that can accommodate suitable small molecular
guests. The other interesting feature of this nanocage is its
flexible windows. There are 12 windows on the surface of the
cage in each 2-fold axis direction. Each window consists of a 20-
membered ring and displays an approximate rectangular shape
with the size of 4.3 Å × 7.9 Å (Figure S3 in the Supporting
Information). The pyridyl rings can be rotated through a
certain angle because of the flexibility of the TPPA ligands,
which adjusts the size of the windows to allow anions or
suitable molecular guests to enter and leave the cage.
Crystallographic analysis demonstrates that the inner cavity of
the cage is occupied by free H2O molecules, while the ClO4

−

anions are located between the cages. In compound 1, each
octahedral cage has 12 nearest neighbors, and they stack
themselves in the fashion of the cubic close packing (Figure
2d).

Truncated Octahedral Coordination Cage 5. Com-
pound 5 was prepared with a synthetic procedure different
from that of compounds 1−4. Layering a methanol solution of
TPPA (0.8 mmol) onto a DMF solution of K2PdCl4 (0.6
mmol) yielded colorless block single crystals suitable for X-ray
crystallographic analysis (Figure 1e). Compound 5 crystallizes
in tetragonal space group I4/mmm. Crystal structural analysis
demonstrates that 5 is a discrete Pd6L8 cage in truncated
octahedral geometry (Figure 3). Similar to cage 1, eight tripodal
TPPA ligands are connected at six PdII ions. Each PdII ion

Figure 1. Photographic images of crystals for compounds 1−5 (a−e).
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adopts a C4-symmetric square-planar coordination geometry,
which is defined by four pyridyl donors. The Pd−N distances
range from 2.012(4) to 2.021(6) Å. The coordination
environment of the TPPA ligand is very similar to that in
cage 1. However, the orientation of the central PO group is
different from that in cage 1. In compound 5, all TPPA ligands
adopt an anti conformation, with all PO groups pointing
outward from the inner cavity of the cage (Figure 4). It is

notable that when the pyridyl rings rotate by about 180°, the
TPPA ligand can transform from syn to anti conformation. As
in cage 1, cage 5 has 12 rhomboidal windows on the surface of
the cage structure. It is interesting that the window size is
remarkably increased to 10.7 Å × 8.2 Å because of
conformational change (Figure 5). Furthermore, the distance
of the axial metal centers is 15.45 Å, which is 2.27 Å longer than
that in cage 1. Therefore, cage 5 with anti-conformational

Figure 2. (a) Coordination environment of the NiII ions and linkage mode of the ligands in 1. Symmetry codes: A, 1 − z, 0.5 + x, 1.5 − y; B, −0.5 +
y, 1.5 − z, 1 − x. (b) Crystal structure of cage 1 viewed along the 4-fold axis. (c) Crystal structure of cage 1 viewed along the 3-fold axis. (d) Packing
diagram of 1 shown as a ball-and-stick model.

Figure 3. Crystal structure of cage 5: viewed along the 4-fold axis (a)
and along the 3-fold axis (b). (c) Octahedral internal cavity. (d)
Rhomboidal windows on the surface of the cage.

Figure 4. Two conformations of TPPA observed in cages 1 and 5: (a)
syn and (b) anti. The cage structures of 1 (c) and 5 (d) constructed
with syn and anti forms of ligands, respectively.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic202373a | Inorg. Chem. 2012, 51, 4116−41224119



ligands has a slightly increased cavity volume (∼1300 Å3).
Interestingly, the Cl ions act as counteranions and are
positioned in the cavity of the cage molecules. The increase
in both the windows and the internal cavity will allow larger
guest molecules or anions to enter and leave the cage. To our
knowledge, there are several factors that would lead to
conformational change of the flexible ligands, including reaction
conditions, steric hindrances, hydrogen-bonding interactions,
and solvent effect.13 As described previously, crystals of 1−4
with syn-conformational ligands can be obtained at different
temperatures, suggesting that the temperature is not a factor in
determining the conformations. On the basis of our previous
studies, we know that a kind of counteranion does not affect
the resultant supramolecular structure basically.9 Therefore, we
believe that the solvent effect may be the most probable factor
in determining the conformation of the ligand in the molecular
cages. 31P NMR spectroscopy may be helpful for understanding
conformational change. Thus, we performed 31P NMR
spectroscopy of compound 4 dissolved in different solvents
including DMSO-d6, DMF, D2O, and MeOH (Figure S7 in the
Supporting Information). A single peak with different chemical
shifts was observed in each spectrum. On the basis of the
number of signals and different chemical shifts in the 31P NMR
spectra, it is known that the solvents can influence the resultant

structure and the solvent effect may be the most probable factor
for conformational change.

Solution NMR and Mass Spectrometry Studies. Both
NMR spectroscopy and electrospray ionization mass spectrom-
etry (ESI-MS) are very helpful for providing information on the
structural integrity of the complexes in solution and especially
helpful for confirming structures that cannot be directly
determined by single-crystal X-ray diffraction.14 All of the
synthesized compounds were characterized by NMR spectros-
copy and ESI-MS. The results reveal that only compound 5
maintains its structural integrity in solution (Figures 6, 7, and
S5 and S6 in the Supporting Information).
First, 0.04 mmol of the TPPA ligand was dissolved in 2 mL

of DMSO-d6 at room temperature, and the solution was
monitored by NMR spectroscopy (Figure 6b). Four singlet
signals corresponding to the four kinds of H atoms in the
pyridyl rings of the free ligand were observed. Second, 0.03
mmol of K2PdCl4 was added to the solution with vigorously
stirring, and the solution was directly monitored by NMR
spectroscopy after 1 h. Four new signals appeared with a
downfield shift in an integral ratio of 1:1:1:1 (Figure 6c). The
new signals corresponded to the H atoms of those ligands
combined with the PdII ions, and the downfield of the signals
was ascribed to the metal−ligand complexation.15 In the
following 9 h, signals observed for the combined ligands
became stronger, implying that more ligands were assembled
into the assumed structure (Figure 6d). However, after 10 h,
the spectrum did not change significantly with time. Because
there is only one set of four new signals corresponding to the
pyridyl groups observed in the spectrum, all eight TPPA ligands
are equivalent to each other. Therefore, the molecule has 4-fold
symmetry in solution. Furthermore, the result also reveals that
all eight TPPA ligands have internal symmetry with three
equivalent arms. Thus, the molecule has 3-fold axes through the
central PO groups of the opposite TPPA ligands. Deduced
from the above result, the cage has Oh symmetry in solution.
NMR spectroscopy unambiguously confirmed the integrity of
the cage structure of compound 5. In addition, the 1H NMR
spectrum of crystalline 5 in DMSO-d6 was also studied (Figure

Figure 5. Space-filling models of cage 1 (a) and cage 5 (b) showing a
remarkable enhancement of the window size via conformational
change. Color code: cyan, nickel/palladium; red, oxygen; blue,
nitrogen; gray, carbon; magenta, phosphorus; yellow, dummy atom.

Figure 6. (a) Schematic representation of the preparation of cage 5 via the self-assembly of the anti-form ligand TPPA and K2PdCl4. (b) Partial
1H

NMR spectrum (400 MHz, rt) of free ligand TPPA in DMSO-d6. (c) Partial
1H NMR spectrum of the reaction product in 1 h. (d) Partial 1H NMR

spectrum of the reaction product in 10 h. (e) Partial 1H NMR spectrum of crystalline 5 dissolved in DMSO-d6.
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6e). Four signals corresponding to the protons of the pyridyl
ring were observed with a downfield shift compared to the free
ligand, which is consistent with the result of the in situ 1H
NMR spectrum of 5.
ESI-MS study on the PdII cage provided complete

confirmation of the structural integrity of compound 5 in
solution (Figure 7). For [Pd6(TPPA)8]Cl12, we observed a clear
sequence of peaks at m/z 269.7, 331.0, 488.9, 576.3, and 710.4,
which corresponds to the species {[Pd6(TPPA)8]Cl12‑n}

n+ (n =
12, 10, 7, 6, 5). There are also several unassigned peaks in the
MS spectrum, which may correspond to the fragments of the
cage structure.
Photoluminescent Properties. Crystal photographs of

compound 3 show that it exhibits strong blue emission under
UV irradiation (Figure S8 in the Supporting Information). The
result can be further confirmed by the luminescent spectra. The
solid-state luminescent spectra of the free TPPA ligand and
compounds 3 and 4 were investigated at room temperature.
The free TPPA exhibits a broad fluorescent emission band at
457 nm under excitation at 365 nm. Compounds 3 and 4
exhibit strong blue emission bands at 398 nm (λex = 344 nm)
and 407 nm (λex = 342 nm), respectively, which are slightly
blue-shifted compared with the free ligand (Figure 8). Because
the ZnII and CdII ions are difficult to oxidize or reduce, the
emission of these compounds is neither metal-to-ligand charge
transfer nor ligand-to-metal charge transfer.16 The emission of
3 and 4 can probably be attributed to the intraligand or ligand-
to-ligand charge transition. It is worth noting that the emission
intensity of compounds 3 and 4 increases remarkably and is
approximately 1 order of magnitude higher than that of the free
ligand. Generally, the enhanced fluorescence efficiency is
attributed to coordination of the TPPA ligands to ZnII or
CdII centers, which effectively increases the conformational
rigidity of the ligand and reduces thermal vibrations, thereby

reducing the nonradiative decay of the intraligand (π−π*)
excited state.17 To the best of our knowledge, such a
remarkable enhancement was rarely reported for the ligand-
based luminescent molecular cages or metal−organic frame-
works.18 These photoluminescent properties suggest that
compounds 3 and 4 might be good candidates as photoactive
materials.

■ CONCLUSION

In conclusion, we have successfully synthesized five discrete
nanosized M6L8 coordination cages from a conformationally
flexible ligand and transition-metal ions. The nanocages have an
octahedral structure with a large internal cavity and 12 flexible
windows. The flexible ligand TPPA transforms its conformation
from the syn form in cages 1−4 to the anti form in cage 5.
Because of the conformational transformation, the sizes of the
windows and the volume of the internal cavity of cage 5 are
increased. 1H NMR and ESI-MS studies reveal that cage 5
maintains its structural integrity in solution. Compared with the
free ligand, strong blue emissions with an unexpected great
enhancement are observed for compounds 3 and 4. This
research may provide a promising approach to obtain new high-
symmetry coordination cages. Further studies will focus on
exploring guest encapsulation and the catalytic properties of the
synthesized cage compounds.
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