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Two discrete M3L2 metal-organic architectures, 1 and 2, have been constructed by reaction of a
newly designed tripodal tris-bidentate ligand L with M(NO3)2 (1: M=Zn; 2: M=Cd). Both com-
plexes together with L have been structurally elucidated by single-crystal X-ray crystallography.
Complex 1 exhibits a cationic M3L2 coordination architecture bearing three positive charges
balanced by three uncoordinated nitrates, while 2 shows a neutral M3L2. 1 and 2 both adopt a
compressed trigonal prism shape but show no internal cavity due to close ligand-to-ligand interac-
tions. They display totally different intermolecular packing modes in the solid state, which strongly
influence the intermolecular π–π interactions. Complex 1 has been arrayed such that each M3L2 is
surrounded by three neighboring C3-symmetry related ones, whereas 2 exhibits a columnar molecu-
lar stacking. The distinctive intermolecular packing modes in the solid state between 1 and 2 bring
about a small but discernible red shift (4 nm) corresponding to the π–π⁄ electronic absorption.

Keywords: Metal-organic polyhedra; Tripodal; Crystal structure; Photophysical property

1. Introduction

Metal-organic polyhedra (MOPs) are discrete metal-organic molecular assemblies, the
synthetic approaches of which have been well explored such as symmetry interaction,
molecular library, reticular chemistry, etc. [1–4], all based on spontaneous self-assembly of
multiple (generally two) components in solution. Largely because of well-defined cavities
with various functions, conventional MOPs serve as versatile hosts for molecular recogni-
tion [5, 6], gas separation and storage [7–9], catalysis [10–12], etc. [13–15]. More exciting
developments in this area highlight the application of MOPs for nanoreactors [16–18] or
drug delivery [19–22], and stabilizing reactive intermediates [23–25]. There is also interest
in using MOPs as supramolecular building blocks (SBBs) in the construction of MOFs
[26], which show advantages over the conventional secondary building unit approach
given that some unique properties of MOPs might be directly transferred into those of the
MOFs.
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MOPs with M3L2 stoichiometry represent the simplest three-dimensional (3-D) closed
supramolecular architecture, generally fabricated by coupling two tripodal ligands with three
ditopic tectons [27–32]. In this contribution, we have prepared a tripodal tris-bidentate L, the
reaction of which with M(NO3)2 led to two discrete M3L2 metal-organic assemblies
(1: M=Zn; 2: M=Cd) (chart 1). Compared to conventional M3L2 MOPs, they show consider-
ably flattened structures with no cavity. Despite structural similarity, they exhibit totally dif-
ferent molecular packing modes in the solid state that impact intermolecular π–π interactions.

2. Experimental

2.1. Materials and measurements

All solvents and reagents of analytical grade and were used as received. The triamine 1
for L preparation was synthesized according to literature method [33]. Infrared spectra
were recorded on a Thermo Scientific Nicolet 5700 FT-IR spectrophotometer with KBr
pellets from 400–4000 cm�1. 1H NMR spectra were recorded with a Bruker AVANCE-500
spectrometer. Electrospray ionization (ESI) mass spectra were recorded on a Finnigan
MAT SSQ 710 mass spectrometer in a scan range of 100–1200 amu. Powder X-ray diffrac-
tion (PXRD) data were recorded on a Siemens Bruker D5000 X-ray Powder Diffractome-
ter. Solid state diffuse reflectance UV–vis spectra were obtained on a Shimadzu UV-2450
UV–vis spectrophotometer. Luminescence spectra for the solid samples were recorded at
room temperature on a FluoroMax-4 spectrofluorometer.

2.2. Synthesis

2.2.1. Synthesis of L. To a solution of triamine 1 (3 g, 8.5mM) in 200mL of methanol
was added 2-pyridinealdehyde (4.6 g, 43.0mM) in one portion. The mixture was heated to

Chart 1. Compressed M3L2 metal-organic assemblies with L.
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reflux and stirred for 6 h, NaBH4 (3.2 g, 85.0mM) was added in three portions into the
reaction mixture which was pre-cooled in an ice bath, and then the reaction was further
continued for 4 h under reflux. The reaction solution was poured into 200mL of water and
the resultant precipitate was collected by suction filtration. After thorough washing with
water, the pale yellow solid was dried in vacuum for 24 h.

Yield: 4.9 g (87%). IR (KBr, cm�1): ν 3403m, 3022w, 1612s, 1592m, 1569w, 1520s,
1473w, 1431m, 1325w, 1294w, 1190w, 820m, 756m, 705w. 1H-NMR (CDCl3, 25 °C)
δ= 8.69 (d, 3H), 7.75–7.53 (m, 12H), 7.36 (m, 3H), 7.19 (m, 3H), 6.76 (m, 6H), 4.87 (br,
3H), 4.51 (s, 6H). ESI-MS (m/z,%) 625 (100%) [L +H+]+; 647 (40%) [L +Na+]+. Anal.
C42H36N6: Calcd C 80.74, H 5.81, N 13.45%; found C, 80.72, H 5.76, N 13.56%.

2.2.2. Preparation of 1 and 2. General procedure: At room temperature, a methanol
solution (5mL) of the metal salts (0.06mM) (1: Zn(NO3)2; 2: Cd(NO3)2) was carefully
layered above dichloromethane solution (5mL) of L (0.02mM). A quantity of crystals was
obtained over two weeks. Single crystal suitable for X-ray diffraction analysis was selected
from the bulk crystals.

Complex 1: Yield: 53% (based on L). IR (KBr, cm�1): ν 3416m, 3222m, 3025w,
1608s, 1515s, 1478s, 1431m, 1382s, 1204w, 1014w, 825m, 764m. 1H-NMR (d6-DMSO,
25 °C) δ= 8.54 (d, 6H), 7.76 (t, 6H), 7.49 (t, 18H), 7.40 (d, 6H), 7.27 (t, 6H), 6.69 (d,
12H), 6.51 (br, 6H), 4.41 (s, 12H). Anal. C168H148N36O38Zn6: Calcd C 54.95, H 4.06, N
13.73%; found C, 55.10, H 4.30, N 13.58%.

Complex 2: Yield: 61% (based on L). IR (KBr, cm�1): ν 3399m, 3230m, 3023w,
1606s, 1517s, 1433s, 1383s, 1311s, 1014w, 825m, 765m. 1H-NMR (d6-DMSO, 25 °C)
δ= 8.54 (d, 6H), 7.75 (t, 6H), 7.48 (t, 18H), 7.40 (d, 6H), 7.26 (t, 6H), 6.69 (d, 12H), 6.49
(br, 6H), 4.41 (s, 12H). Anal. C168H156Cd6N36O42: Calcd C 50.12, H 3.91, N 12.53%;
found C, 50.21, H 4.12, N 12.38%.

Table 1. Crystallographic data for L, 1 and 2.

Compound L 1 2

Formula C42H36N6 C168H148N36O38Zn6 C168H156Cd6N36O42

Mr 624.77 3671.44 4025.69
Crystal system Triclinic Cubic Trigonal
Space group P-1 (No. 2) Ia-3d (No. 230) P-3c1 (No. 165)
a (Å) 5.9080(3) 31.740(1) 19.373(1)
b (Å) 12.4643(8) 31.740(1) 19.373(1)
c (Å) 24.088(2) 31.740(1) 13.875(1)
α (°) 99.745(5) 90 90
β 91.352(4) 90 90
γ 92.303(4) 90 120
V (Å3) 1745.9(2) 31,976(3) 4510(1)
Z 2 8 1
DCalc (g cm

�3) 1.188 1.525 1.482
F (0 0 0) 660 15,136 2040
Reflns. collected 14,699 67,432 25,927
Unique reflns. 5472 2580 2966
R(int) 0.047 0.094 0.050
R1, wR2 [I > 2σ(I)] 0.0914/0.1735 0.0543/0.1292 0.0465/0.1179
R1, wR2 (all data) 0.1266/0.1836 0.0645/0.1356 0.0487/0.1220
GOF 1.01 1.09 1.04

Tripodal tris-bidentate chelator 2777
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2.3. X-ray crystallography

Diffraction intensity data for L were collected at 298(2) K on an Oxford Diffraction
Xcalibur, Sapphire 3, Gemini ultra diffractometer employing enhanced ultra (Cu) X-ray
source Cu–Kα radiation (λ= 1.5418Å), and the diffraction intensity data for 1 and 2 were
collected at 298(2) K on a Bruker SMART CCD-4K diffractometer employing graphite-
monochromated Mo–Kα radiation (λ = 0.71073Å). The data were collected using SMART
and were reduced by SAINT [34]. The structures were solved by direct methods and
refined by full-matrix least-squares on F2

obs by using SHELXTL-PC software package
[35]. All non-hydrogen atoms were refined anisotropically and all hydrogens were
calculated and refined as a riding model. Graphics for L, 1 and 2 were generated using
MERCURY 3.0 [36]. Crystallographic data for L, 1 and 2 are listed in table 1.

3. Results and discussion

3.1. Synthesis and characterization of L

Synthesis of L is outlined in scheme 1. Condensation of triamine 1 and 2-pyridinealdehyde
in methanol resulted in the imine intermediate 2, which was subsequently reduced by
excess NaBH4 to afford L. This procedure was carried out in a one-pot reaction without
separating 2. Analytically pure L can be easily obtained simply by filtration and water
washing. The successful synthesis of L was verified by microanalytical characterizations,
which agree well with its formula. In 1H-NMR spectra, the signal at 4.51 ppm corresponds
to the methylene protons and the signals corresponding to the aromatic protons are from
6.76 to 8.69 ppm. The positive ion ESI–MS spectrum of L displays two peaks at m/z 625
and 647, which correspond to its protonated ion [L +H+]+ and sodium adduct [L +Na+]+,
respectively.

Diffraction-quality single crystals of L were grown by slow evaporation of its ethyl ace-
tate/acetone solution. Single crystal X-ray diffraction offers more structural information of

Scheme 1. Synthesis of L.
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L in the solid state. As depicted in figure 1, L has triamine 1 as its central core equipped
with three pyridine arms via C–N single bond. The three outer phenyl rings are not
coplanar to the central one, forming three different dihedral angles (52.04°, 26.52°, and
30.57°). Among the outer phenyl rings, two have opposite rotational direction to the third
with reference to the central phenyl ring. For the pyridine arms, two interact with the
secondary amine through intramolecular N–H� � �N hydrogen bonds (N4� � �N3: 2.629(6) Å,
N4–H4A� � �N3, 110°; N6� � �N5: 2.625(5) Å, N6-H6A� � �N5, 109°), which render the

Figure 1. Crystal structure (a) and packing structure (b) of L (intramolecular hydrogen bonds and rotational
directions denoted by the dotted line and arrows, respectively).
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pyridine ring almost coplanar to its attached phenyl ring (dihedral angle: 8.8° and 10°). By
contrast, the third makes a large dihedral angle of 80.9° with its linked phenyl ring due to
lack of intramolecular hydrogen bonding interactions. On the basis of the above
discussions, L actually loses its C3-symmetry in the solid state. Appreciable aromatic π–π
interactions do not exist except for extensive intermolecular C–H� � �π interactions observed
in its packing structure (Supplementary material, table S1).

Raymond et al. reported a similar tripodal tris-bidentate chelator based on the same
central triamine core but with coordinating catehol units attached to the central core via a
relatively rigid amide linkage [37]. L has pyridine units linked to the central core through
flexible C–N single bonds, which is expected to no longer follow the symmetry-driven rule
proposed by Raymond for the construction of M4L4 tetrahedral coordination cages
[38–40]. L resembles the reported imidazole-end capped tripodal ligand considering that
they both possess a rigid central core and flexible linkages for coordinating arms [27, 28,
30, 31]. Self-assembly of the imidazole-based tripodal ligand with Ag(I), Cu(II), or Zn(II)
prefers the M2L3 coordination cage that typically shows room for guest accommodation.
However, possible M2L3 metal-organic architectures in this case should reduce their inter-
nal space because metal-coordination with the amine of L would pull two L significantly
close. The close approach of two ligands can enhance ligand-to-ligand interactions, which
may be of interest in some electrically conductive molecular materials [41–45].

3.2. Preparation and characterization of 1 and 2

Preparations of 1 and 2 were carried out at ambient temperature through a layering method,
from which were obtained yellow block crystals. Single crystal X-ray diffraction analyses
show that both adopt discrete M3L2 coordination architectures as anticipated. The phase pur-
ity of each complex is certified by comparing the simulated PXRD pattern with the experi-
mental PXRD pattern (Supplementary material, figures S1 and S2). Complexes 1 and 2 are
insoluble in EtOH, MeOH, and H2O but readily dissolve in DMSO. 1H-NMR characteriza-
tions in d6-DMSO reveal that both complexes have similar resonances as those for free L in
terms of the aromatic and methylene protons. The only difference is found for the amine pro-
ton signal which turns broad in 1 and 2 compared to free L (Supplementary material, figure
S3). The amine proton signal broadening, we speculated, is caused by metal coordination,
which renders the amine proton more reactive and facilitates the exchange with water.
Unfortunately, ESI–MS characterizations of 1 and 2 failed to detect m/z peaks which could
be reasonably assigned to the M3L2 species. On the contrary, free L as [L+H+]+ at m/z 625
is clearly observed. Accordingly, it suggests that 1 and 2 cannot remain intact under ESI–MS
conditions, under which metal–ligand dissociation should occur.

3.3. Structure description of 1 and 2

Complex 1 crystallizes in the cubic crystal system and Ia-3d space group. As shown in
figure 2, 1 exhibits a discrete M3L2 coordination architecture which constitutes two L,
three Zn2+, and three nitrates. Thereby, 1 bears three positive charges balanced by three
uncoordinated nitrates. Unlike free L, each L in 1 is a C3-symmetric tripodal tris-bidentate
chelator of which three outer phenyl rings have the same rotational direction with respect
to the central one, forming a dihedral angle of 39.5(3)°. The three pyridines adopt identical
conformations, each having a dihedral angle of 77.0(2)° with its attached phenyl ring. In

2780 H.-B. Zhu et al.
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1, each six-coordinate Zn2+ is bound by two sets of NN-chelating donors from two L and
two oxygens from one nitrate. The Zn–N distance (2.170(2) Å) between Zn2+ and N from
the secondary amine is a little longer than that (2.065(3) Å) for pyridine. Each bound
nitrate occupies two coordination sites of one Zn2+ in a O–N–O chelating mode with a
Zn–O distance of 2.225(2) Å and a O–Zn–O bite angle of 60.0(1)°. Taking a close look at
the geometric parameters around Zn2+ (Supplementary material, table S2), the coordination
geometry of the Zn2+ ion is better described as a distorted octahedron with two pyridine N
occupying the axial sites. Metal coordination of the secondary amine in L forces two L
ligands in close proximity in 1, which is evidenced by the short ligand-to-ligand separa-
tion. Two central phenyl rings from two L in the same M3L2 molecule are strictly parallel,
adopting a face to face orientation with a centroid to centroid distance of 3.764Å. How-
ever, each outer phenyl ring from one L is tilted by a small dihedral angle of 5.86° and
with a separation of 3.656Å. Moreover, three Zn2+ ions are symmetrically disposed about
a molecular C3 axis with a Zn� � �Zn separation of 13.964Å. Compared to reported M3L2

MOPs [27–32], 1 looks like a compressed trigonal prism but has no cavity to accommo-
date guest molecules.

In the packing structure of 1 (figure 3), each M3L2 unit (pink) is surrounded by three
other ones (blue) which are symmetrically distributed around a threefold axis. Specifically,
each plane defined by three Zn2+ ions in the outer M3L2 unit leans against that in the
central one by a dihedral angle of 70.5°. Obviously, such molecular arrangement in 1
discourages close intermolecular stacking interactions, and indeed the supramolecular
interactions in the packing structure are mainly involved with C–H� � �π and N–O� � �π inter-
actions (Supplementary material, table S1).

Figure 2. Crystal structure of 1 (hydrogens, uncoordinated nitrate, and solvent omitted for clarity).
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Figure 3. (a) Intermolecular arrangement in 1 in the unit cell; (b) space orientation of the planes defined by
three Zn2+ ions in M3L2.
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Complex 2 crystallizes in the trigonal crystal system and P-3c1 space group. Similar to
1, 2 also has a M3L2 coordination architecture, comprised of two L, three Cd2+ ions, and
six nitrates (figure 4). As a result, 2 is neutral, different from the cationic 1. Likewise, L
in 2 also is a C3-symmetric tripodal tris-bidentate chelator with geometric parameters com-
parable to that in 1. Each Cd2+ is six-coordinate by two sets of NN-chelating donors from
two L and two oxygens from two nitrates. Similarly, the Cd–N(amine) bond (2.440(2) Å)
is slightly longer than the Cd–N(pyridine) bond (2.336(2) Å). Unlike 1, each nitrate in 2
has unidentate coordination with a Cd–O bond distance of 2.363(2) Å. Taking the geomet-
ric data around Cd2+ together (Supplementary material, table S2), each Cd2+ in 2 is better
delineated as a distorted trigonal prism. In 2, two parallel central phenyl rings from two L
overlay each other with a shorter separation (centroid to centroid distance: 3.553Å; slip-
page: 0). Strikingly, each outer phenyl ring from one L is also parallel to the respective
one from another with a separation of 3.703 Å (slippage: 1.342Å). The intermetallic
Cd� � �Cd distance in 2 is 14.502Å. Compared to 1, 2 seems more compressed, which elim-
inates any possibility for guest inclusion.

Complex 2 in its solid state exhibits a columnar stacking fashion in terms of intermolec-
ular arrangement. As shown in figure 5, there are two types of M3L2 units, A and B,
alternately with one related to the next by a 60° rotation around a common threefold axis.
The rotational direction of propeller-like L in A and B is right opposite. There exist close
intermolecular aromatic π–π interactions between central phenyl rings from neighboring
M3L2 units, as indicated by the centroid to centroid separation of 3.384Å, similar to the
value in graphite (3.35Å). Such molecular arrangement in 2 leads to the creation of
beautiful snowflake-like patterns along the ab plane.

Figure 4. Crystal structure of 2 (hydrogens and solvent molecules omitted for clarity).
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Compared to the conventional M3L2 MOPs, 1 and 2 display a rare compressed trigonal
prism-like shape without any cavity, which is very close to the flattened trigonal
bipyramidal complex [Pd3(L1)2(O2CCH3)6] (L1 =N,N′,N″-tris(6-methyl-2-pyridyl)benzene-
1,3,5-tricarboxamide) [46]. Furthermore, 1 and 2 both feature a discrete triangular
trinuclear motif (for 1, Zn3; for 2, Cd3), which are separated by two C3-symmetric L. It is
distinguished from trinuclear zinc or cadmium units in the literature, which exist as metals
bridged by carboxylate O or Cl, etc. and serve as inorganic nodes in coordination
polymers [47–50]. Each metal ion in 1 and 2 is coordinated by one or two nitrates, which
can be further substituted by other organic bridges such as 4,4′-bypridine. In this regard,
discrete 1 and 2 might work as SBBs for the construction of MOP-based MOFs, which
are currently underway in our laboratory.

3.4. Photophysical properties of 1 and 2

As discussed above, 1 and 2 in the solid state have different molecule organizations. In 2,
columnar molecule stacking allows for effective aromatic π–π interactions. The molecule
arrangement in 1 would markedly diminish such interaction. We assumed that the photo-
physical properties of 1 and 2 may be sensitive to change in aromatic π–π interactions.
Therefore, solid state diffuse reflectance UV–vis spectroscopy was performed on crystal
samples of 1 and 2. As depicted in figure 6, both the complexes show two absorptions

Figure 5. Intermolecular arrangement in 2 (a) top view; (b) side view.
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from 200 to 500 nm. One at ca. 250 nm originated from π–π⁄ transition, the other at
305 nm is assigned to n–π⁄ transition. For the π–π⁄ transition, 2 exhibits a small but
discernible red shift in absorption wavelength in comparison to 1 (1: 250 nm; 2: 254 nm),
which is in accord with its more effective intermolecular aromatic π–π interactions. The
photoluminescent properties of 1 and 2 were also examined in solid state at ambient
temperature. L displays luminescence with maxima at 410 nm and 510 nm upon excitation
at 300 nm. However, no clear luminescence properties are observed for 1 and 2 suggesting
that luminescence of L is quenched by metal coordination.

4. Conclusion

Self-assembly of tripodal tris-bidentate chelator L with M(NO3)2 led to two M3L2 coordi-
nation architectures, 1 and 2 (1: M=Zn; 2: M=Cd), with similar size and shape. The metal
coordination of amine of L results in remarkable reduction in their internal space such that
they have no cavity to enclose a guest molecule. Complex 2 exhibits an interesting colum-
nar stacking with respect to intermolecular arrangement, which permit close aromatic π–π
interactions. It is assumed that the neutral nature of 2 may favor such columnar stacking,
since it should have less Coulombic repulsions than the cationic 1. Such columnar inter-
molecular stacking in 2 has an impact on its photophysical properties in solid state as a
result of effective intermolecular aromatic π–π interactions.

Supplementary material

CCDC-908644 (for 1), -908645 (for 2) and -908646 (for L) contain the supplementary
crystallographic data for this paper. These data can be obtained free of charge via http://

Figure 6. Diffuse reflectance UV–vis spectra of 1 and 2.
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www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: 44-1223-336-033; or
E-mail: deposit@ccdc.cam.ac.uk).
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